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HIGH-Rl  SOLUTION  AUTORADIOGRAPHY ' 

By  Geobqk  Towe,  Henry  3.  Gombkho,  and  J.  \V.  Freeman 


SUMMARY 

Autoradiography  has  been  used  only  to  a  other  limited 
extent  in  metallurgical  studies.  Probably  the  major  deterring 
factor  has  been  that  the  autoradiographic  sys!:  ms  hare  not 
provided  the  high  resolution  required  in  many  investigations. 
A  general  discussion  of  the  requirements  for  high-resolution 
autoradiography  is  presented  in  this  report  including  detecting 
layer  as  well  as  radioactive  sample  specifications.  The  need 
for  a  thin  photographic  emulsion  in  close  contact  with  the  metal 
surface  is  emphasized.  The  desirability  of  using  favorable 
radiation  (e.  g.,  low-energy  beta  radioactivity)  is  also  discussed. 

The  purpose  of  this  investigation  was  to  adopt  the  high- 
resolution  wet-process  autoradiographic  method,  developed  in 
other  fields,  to  the  study  of  metal  structures.  In  order  to 
evaluate  th  is  autoradiographic  technique,  several  types  of  radio¬ 
active  samples  were  prepared,  including  carbon- 1  )  carburized 
iron  ami  steel,  nickel-63  electroplated  samples,  a  powder  product 
containing  nickel-63,  and  tungsten-185  in  high-temperature- 
resistant  alloy  N-156. 

The  technique  was  perfected  to  the,  point  where  it  was  demon¬ 
strated  that  autoradiographs  could  be  produced  which  would 
resolve  radioactive  areas  separated  by  less  than  10  microns. 
The  autoradiograph  is  viewed  without  removing  it  from  the 
surface  under  investigation  so  that  the  microstruclure  and  the 
autoradiograph  can  be  seen  simultaneously  under  the  micro¬ 
scope.  Recommended  procedures  are  given  for  the  preparation 
of  the  metallngraphic  mount,  addition  of  the  thin  plastic  pro¬ 
tective  layer,  and  photographic  emulsion  processing. 

In  addition  to  the  radioactive  specimen,  the  mount  should 
contain  a  nonradioactive  control  sample.  The  ,  iounl  should 
be  given  a  good  metallographic  polish  and  be  kept  clean.  A 
protective  layer  is  required  to  eliminate  reaction  between  the 
photographic  chemicals  and  the  metal  specimens.  The  pro¬ 
tective  layer  shouhl  be  kept  thin  so  that  the  photographic  detecting 
layer  will  be  located  in  close  contact  with  the  surface  to  be 
autoradiographed.  Many  plastic  materials  as  well  as  evapo¬ 
rated  gold  and  silver  films  were  investigated.  A  Vinylite  film 
somewhat  less  than  1  micron  in  thickness  will  suitably  protect 
a  metal  sample  for  exposure  up  to  1  day. 

Considerable  effort  was  devoted  to  the  improvement  of  the 
collodion  “emulsion"  layer.  The  thickness  of  this  layer  was 
reduced  to  approximately  4  microns.  Various  organic  and 
inorganic  sensitizers  were  added  with  no  noticeable  effect.  The 
collodion  layer  is  heavily  loaded  with  silver  bromide  ( up  to  88 
weight  percent  AgBr)  so  that  the  samples  are  well  covered  by 
the  detecting  crystals.  The  silver  bromide  grains  are  approxi¬ 
mately  0.8  micron  in  diameter.  'J'Se  detecting  layer  is  formed 


and  remains  directly  on  the  s  ur/d  re  of  the  protective  layer. 
The  autoradiographic  image  has  never  been  observed  to  in 
displaced  from  the  source  of  radiocn  ’iiity. 

The  need  for  a  lout-tempera tu r.  exposure  iron  examined. 
Background  photographic  fog  was  g- rally  minimized  by  a  cold 
exposure  (8°  C). 

Many  different  developing  agent  were  investigated  with  thi 
result  that  a  4-percent  aqueous  solution  of  ferrous  sulfate  is 
recommended.  The  effect  of  variations  in  development  time 
and  temperature,  urns  also  studied. 

Successful  control  over  background  photographic  fog  was 
achieved  so  that  background  silver  grain  counts  of  less  than 
1 ,000  grains /mm7  can  be  expected. 

A  comparison  was  made  betwi <  n  wet-process  autoradio¬ 
graphs  and  autoradiographs  prepare!  with  a  commercial  strip¬ 
ping  emulsion.  Since  both  emul  >ns  have  about  the  same 
thickness  and  can  be  applied  in  close  contact  with  the  metal 
specimens,  the  resolutions  obtained  are  com  parable.  Both 
processes  have  certain  advantages  and  disadvantages.  The 
limitations  applicable  to  autoradiography  in  general  and  the 
wet  process  in  particular  are  discussed. 

INTRODUCTION 

The  heat-resistant  alloys  which  have  been  developed  for 
the  severe  temperature  and  stress  conditions  of  modern  air¬ 
craft  propulsion  systems  generally  have  complex  micro- 
structures.  Research  on  these  alloys  is  often  handicapped 
because  the  metallurgist  is  unable  to  determine  the  romp  i- 
tion  of  the  segregated  microconstituents  through  which  the 
properties  of  the  alloys  can  he  drastically  modified  by 
metallurgical  treatments.  Likewise,  the  metallurgist  often 
cannot  determine  where  alloying  elements  arc  located  in  the 
microstructure.  Such  information  is  required  for  the  under¬ 
standing  necessary  for  good  control  of  properties  and  the 
efficient  utilization  of  alloying  elements. 

Radioactive  isotopes  provide  a  method  for  thh  structural 
analysis  in  metal  systems.  The  three  types  of  radiation 
most  frequently  encountered  are: 

(1 )  Alpha.  The  alpha  particle  is  a  heavy,  doubly  charged 
particle  (mass  4,  charge  -f  2)  which  has  a  short  range,  at  the 
most  a  few  centimeters  in  air,  and  a  strong  photographic 
action.  Alpha  radioactivity  occurs  only  in  elements  of  very 
high  atomic  number — the  naturally  occurring  radioactivity  — 
and  will  only  rarely  be  encountered  in  t  racer  studies. 

(2)  Beta.  Beta  particles  are  electrons  (very  low  mass, 
charge  — 1)  created  when  a  neutron  within  an  excited 
nucleus  is  converted  into  a  proton.  The  electron  moves  off 
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h  hi.-!,  vioi  itv  carrying  away  excess  energy  and  the 
mi.  Ions  lakes  mi  a  m,>re  stable  configuration.  Beta  particles 
haw  ranges  up  to  ;  veral  meters  in  air  and  are  very  com* 
men  in  artificially  produced  radioisotopes.  The  photo¬ 
graphic  activity  of  beta  particles  is  lower  by  perhaps  a  factor 
of  1,000  than  Hint  of  alpha  particles.  Positrons  are  elec¬ 
trons  of  nuclear  origin  with  a  ehargo  of  +1. 

til)  (lamina.  Gamma  rays  are  electromagnetic  radiation 
of  nuclear  origin.  These  rays  are  characterized  by  their 
great  penetrating  power  and  have  still  less  photographic 
action  than  the  beta  particles  by  a  factor  of  perhaps  100. 

Autoradiographs  of  microstructures  using  radioactive  iso¬ 
topes  of  the  alloying  elements  offer  considerable  promise  as 
a  means  of  partially'  determining  the  composition  of  complex 
inieroeonstituenls.  To  be  most  useful  the  autoradiographic 
technique  should  he  capable  of  showing  the  presence  of 
radioactive  elements  in  microconstituents  at  least  as  small 
ns  l  micron  and  spaced  not  over  a  few  microns  apart. 
Wet-process  autoradiography,  as  developed  in  1949  by  Dr. 
Henry  J.  Gomberg  at  the  University  of  Michigan,  to  obtain 
the  same  objectives  in  biological  studies  of  tissues,  offered 
considerable  promise  for  metallurgical  studies. 

Accordingly,  work  was  undertaken  in  1949  to  adapt  the 
process  for  metallurgical  purposes.  The  essential  features 
nf  the  process  involve  the  preparation  of  a  collodion  film  on 
the  surface  of  a  polished  and  etched  metallographic  sample 
containing  radioactive  alloying  elements.  The  collodion 
film  contains  soluble  halides  which  form  insoluble  silver 
halides  when  immersed  in  a  silver  nitrate  solution.  While 
the  silver  halide  fo  ins,  it  is  subject  to  ionization  by  the 
radiation  from  the  metallurgical  sample,  reducing  a  very 
small  amount  of  the  silver  halide  to  silver.  The  radiation* 
affected  silver  halide  in  the  collodion  emulsion  is  then 
developed  and  fixed.  When  properly  carried  out,  the  de¬ 
veloped  silver  grains  ure  located  directly  over  the  radioactive 
region  and  thereby  locate  the  site  of  the  a'  livity. 

Iligh-resolution  autoradiography  requires  that  the  emul¬ 
sion  he  very  thin  and  in  intimate  contact  with  the  sample 
surface.  Interpretation  of  the  autoradiographs  is  facilitated 
by  keeping  the  emulsion  in  place  on  the  specimen  during  and 
after  photographic  processing.  Furthermore,  it  is  almost  a 
necessity  and  certainly  desirable  that  the  microstructurc  of 
the  metal  he  visible  through  the  autoradiograph. 

The  work  for  this  report  was  initiated  in  1949  when  the 
best  autoradiographs  were  obtained  by  placing  metallurgical 
sections  in  contact  with  dry  photographic  emulsions.  The 
resulting  autoradiographs  had  to  be  compared  separately 
with  the  metal  structure  and  the  highest  magnification 
possible  was  of  the  order  of  50  diameters. 

In  attempting  to  adapt  the  wet-proccss  technique  to 
metallurgical  samples  one  problem  which  required  solution 
was  the  corrosion  of  the  metal  surfaces.  Suitable  protec¬ 
tive  layers  had  to  he  developed.  Finally,  optimum  emulsion 
processing  conditions  had  to  be  established. 

\To  metallurgical  research  involving  the  use  of  autoradio¬ 
graphs  was  carried  out.  Carburized  iron  samples  and  radio¬ 
active1  nickel,  plated  on  platinum,  were  used  as  standard 
radioactive  sources  in  the  development  work  and  have  been 
used  to  illustVate  the  results  of  the  process.  The  specifica¬ 


tions  for  the  radioactive  samples  for  successful  autoradiog¬ 
raphy  were  also  evaluated. 

This  investigation  waa  carried  out  at  the  University  of 
Michigan  Engineering  Research  Institute  under  the  sponsor¬ 
ship  and  with  the  financial  assistance  of  the  National  Ad¬ 
visory  Committee  for  Aeronautics.  Acknowledgment  is 
made  of  the  sponsorship  by  the  Atomic  Energy  Commission 
of  related  work  under  Dr.  Henry  J.  Gomberg’a  supervision. 
These  investigations  were  carried  out  concurrently,  and  cer¬ 
tain  information  gained  from  the  AEC  investigation  was 
immediately  applied  to  the  work  covered  by  this  report. 

AUTORADIOGRAPHIC  METHOD 

Autoradiography  is  a  technique  for  locating  the  position 
of  a  certain  (radioactively  tagged)  element  in  a  solid  system. 
Simply  stated,  autoradiography  consists  of  photographically 
detecting  the  location  of  a  radioactive  constituent  in  a 
heterogeneous  system.  The  radiation  emitted  by  the  radio¬ 
active  elements  acts  on  a  photographic  emulsion  so  that  an 
image  is  formed  where  the  radiation  has  affected  the  emulsion. 

The  simplest  form  of  autoradiography  is  that  in  which  a 
radioactive  sample  is  placed  in  contact  with  a  photographic 
plate  or  film.  After  a  suitable  exposure  time,  depending  on 
the  amount  of  activity  present,  the  photographic  plate  or 
film  is  developed.  The  photographic  blackening  will  ho  pro¬ 
portional  to  the  radioactivity  concentration  if  the  sample 
contains  regions  of  differing  radioactivity. 

The  ionizing  effects  of  radiation  render  the  silver  halide  of 
a  photographic  emulsion  developable.  Thus,  an  image  is 
formed  in  the  emulsion  where  there  has  been  interaction  with 
the  radiation.  To  make  this  interaction  produce  useful  re¬ 
sults  it  should  be  possible  to  correlate  the  appearance  and 
distribution  of  the  film  blackening  with  known  structural 
characteristics  of  the  radioactive  sample.  This  correlation 
is  most  readily  performed  with  the  exposed  and  developed 
film  superimposed  upon  the  active  sample.  If  the  film  is  not 
too  heavily  exposed  and  is  not  too  thick,  it  is  possible  to 
examine  the  photographic  image  (the  autoradiograph)  and 
the  sample  surfaco  simultaneously  under  a  microscope. 

Much  of  the  early  autoradiography  was  done  by  placing 
a  polished  metallurgical  specimen  on  the  emulsion  of  a  photo¬ 
graphic  plate.  After  the  exposure  the  sample  was  removed 
to  permit  photographic  processing  of  the  plate.  It  was  thus 
necessary  to  viow  (ho  autoradiograph  and  the  specimen 
separately.  Several  approaches  have  been  used  to  eliminate 
this  particular  problem.  Bdlanger  and  Lcblond  (ref.  1)  pro¬ 
posed  a  method  for  painting  a  gelatin  emulsion  onto  the 
samples.  There  are  now  commercially  available  stripping 
films  in  which  thin  emulsion  is  first  peeled  from  a  heavier 
backing  and  then  placed  on  the  specimen  surface.  Devel¬ 
opment  can  take  place  without  removing  the  emulsion.  In 
the  wet-process  method  to  be  described  here,  the  radiation- 
sensitive  layer  is  formed  in  very  close  contact  with  the  metal 
surface  and  all  photographic  processing  takes  place  without 
removing  the  film  from  the  sample. 

METALLURGICAL  APPLICATIONS  OF  AUTORADIOGRAPHY 

Bccquerel  was  probably  the  fii-st  to  observe  the  results  of 
a  nuclear  transformation  when  in  1896  his  photographic 
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plates  were  exposed  by  the  gamma  radioactivity  of  uranium 
ore.  This  was  the  first  autoradiography. 

Shortly  thereafter,  Stfip  and  Becke  (ref.  2)  used  auto¬ 
radiography  to  demonstrate  the  segregation  of  radioactivity 
in  ore  .specimens. 

In  1932  and  1933  Tammann  and  coworkers  (refs.  3, 4,  and 
«r>)  demonstrated  that  autoradiography  could  successfully  be 
applied  to  tho  solution  of  metallurgical  problems.  These 
workers  were  still  limited  to  the  use  of  the  few  naturally 
occurring  radioisotopes. 

The  discovery  of  artificial  radioactivity  in  1934  by  F.  Joliot 
and  Irene  Curie  greatly  expanded  the  range  of  applicability 
of  autoradiography  and  all  other  radioactive  tracer  experi¬ 
ments.  In  1938  Groven,  Govaerts,  and  Gu6ben  (ref.  6)  pre¬ 
pared  autoradiographs  using  this  artificial  radioactivity, 
utilizing  the  beta  particles  emitted  by  radiophosphorus  and 
neutron-activated  iridium  metal. 

Tho  greatest  advances,  however,  have  been  made  since 
1946  when  radioisotopes  produced  in  nuclear  reactors  be¬ 
came  quite  readily  available.  (For  reviews  of  applications  of 
radioactivity  in  metallurgy,  3ee  refs.  7  through  16.) 

INVESTIGATION  OF  SEGREGATES 

Radioactive  additions  to  a  melt. — Addition  of  a  mix¬ 
ture  of  lead  and  its  radioactive  isotope  thorium-B  to  a 
eutectic  zinc-aluminum  alloy  indicated  that  the  lead  was 
lnrgelv  distributed  along  the  grain  boundaries  of  the  eutectic 
17). 

Studies  of  the  distribution  of  lead  in  stainless  steel  were 
reported  twice  in  1951  (refs.  18  and  19).  Standifer  and 
Font  Ana  used  an  Eastman  Spectrographie  Plate  for  their 
investigation  and  presented  an  auo.ediograph  at  8  di¬ 
ameters.  Erwall  and  Hillert  used  Kodak  Autoradiographic 
Plate  and  were  able  to  show  autoradiographs  at  75  diameters. 
Botii  of  these  studies  indicated  that  the  lead  was  situated 
between  (lie  dendrite  branches. 

Kohn  has  investigated  sulfur,  phosphorus,  and  arsenic 
segregation  and  diffusion  in  steel  (refs.  20  to  23).  These 
autoradiographs  were  shown  at  5  diameters.  Chvorinov, 
JenRek,  and  Petriflka  (ref.  24)  also  studied  phosphorus 
segregation  in  steel. 

Radioactive  tungsten  in  nickel-base  alloys  was  studied  by 
Jones  (refs.  25  and  26).  The  autoradiograph  at  50  diameters 
shows  tungsten  in  the  dendrites. 

Lead-bismuth  alloys  containing  radioactive  bismuth  were 
examined  for  segregation  of  the  polonium  resulting  from  tho 
decay  of  the  bismuth-210  (ref.  27).  Three  types  of  segrega¬ 
tion  were  established:  (1)  Crystal  boundary  segregation,  (2) 
surface  segregation,  and  (3)  inhomogeneous  crystallization. 

Simnad,  Birchenall,  and  Mehl  (ref.  2.3)  used  chromium-51 
in  a  study  of  the  mechanism  of  carbide  formation  in  stainless 
steel.  These  investigators  attempted  to  locate  a  zone  de¬ 
pleted  in  chromium  at  the  grain  boundaries  by  examining 
microphotometer  traces  of  autoradiographs.  Results  fur¬ 
nished  no  evidence  for  the  presence  of  such  a  zone  greater 
than  20  microns  wide  which  was  the  resolution  limit  of  their 
technique. 

In  sitn  cyclotron  or  pile  irradiation. — It  is  possible  to  mako 
materials  radioactive  by  irradiation  with  neutrons,  protons, 
ofr  dcuterons.  In  determining  whether  the  activity  of  one 


constituent  in  a  complex  system  can  be  made  to  predominate, 
and  thus  be  useful  for  autoradiography,  two  major  factors 
must  be  considered:  (1)  The  half  lives  of  the  various  radio¬ 
isotopes  formed  during  the  irradiation  and  (2)  the  activation 
cross  sections  (probability  of  being  made  radioactive  while 
being  irradiated)  of  all  the  constituents  of  the  system. 

If  several  isotopes  are  formed  with  similar  half  lives,  it  is 
necessary  that  the  constituent  of  interest  have  a  much  larger 
cross  section  so  that  its  radioactivity  will  predominate  over 
the  other  activities  in  the  sample.  On  the  other  hand,  if  the 
yields  or  cross  sections  of  all  of  the  activated  constituents  are 
similar,  it  is  necessary  that  the  half  life  of  the  desired  com¬ 
ponent  be  either  much  shorter  or  much  longer  than  that  of 
the  other  active  components. 

With  a  shorter  half  life  the  irradiation  time  can  be  kept 
short  so  as  to  give  the  desired  component  the  larger  decay 
rate,  while  witli  a  longer  half  life  the  sample  can  age  for  a 
time  after  irradiation  to  permit  decay  of  the  shorter  lived 
interfering  activities. 

The  segregation  of  aluminum  in  aluminum-silicon  alloy 
was  studied  by  Stephens  and  Lewis  (ref.  29)  in  1946.  These 
investigators  exposed  the  alloy  sample  to  fast  neutrons  from  a 
cyclotron.  The  autoradiographs  were  prepared  on  X-ray 
film  and  had  a  resolution  of  about  500  microns. 

Kohn  (refs.  20  and  23)  lias  studied  the  segregation  of 
phosphorus  in  steel  by  irradiating  the  steel  samples  with 
thermal  neutrons  in  a  nuclear  reactor  (pile). 

Laing  and  coworkers  (ref.  30)  investigated  the  behavior  of 
sodium  in  refractory  materials.  The  concentration  and  loca¬ 
tion  of  sodium  in  cross-section  surfaces  were  shown  by  auto¬ 
radiography  of  samples  activated  bv  deuteron  bombardment 
in  a  cyclotron. 

Examples  of  three  different  types  of  in  situ  irradiation  are 
given  by  Michael  and  others  (ref.  31).  An  aluminum-copper 
alloy  solidified  under  nonequilibrium  conditions  was  irra¬ 
diated  14  hours  in  the  Brookhaven  pile  at  a  thermal  neutron 
flux  of  2  X  10'*  neutrons/cm’-sec.  Another  aluminum-copper 
alloy  was  irradiated  for  3  hours  in  the  M.  I.  T.  cyclotron  at  a 
flux  of  107  to  10*  neutrons/cm’-sec.  Cyclotron  deuteron 
activation  was  also  shown  for  a  mineral  specimen.  Auto¬ 
radiographs  were  shown  for  all  of  these  types  of  irradiation. 

Impurities  in  weld  interfaces  of  pile-irradiated  aluminum 
specimens  were  studied  by  Montariol,  Albert,  and  Chaudron 
(ref.  32).  These  investigators  noted  an  increase  of  impurities 
at  the  grain  boundaries.  The  same  phenomenon  was  also 
observed  by  introducing  a  trace  of  radioactive  zinc  into  the 
aluminum. 

Surface  reactions. — By  utilizing  preferential  sorption,  ion 
exchange,  or  differences  in  electric  potentials  of  the  constit¬ 
uents  on  a  metal  surface,  it  has  been  possible  to  "plate”  a 
radioactive  constituent  from  a  solution  onto  tho  metal  surfaco 
so  as  to  outline  certain  phase  areas  (refs.  33  to  37). 

Nuclear-reaction  radiography.— A  technique  of  Hillert 
(refs.  38,  39,  and  40)  has  been  used  by  Faraggi,  Kohn,  and 
Doumerc  (ref.  41)  to  show  tho  location  of  boron  in  a  0.01- 
percent-boron  steel.  Autoradiographs  aro  presented  at 
10QX  and  300X.  This  technique  utilizes  the  nuclear  reaction 
which  occurs  when  boron  is  irradiated  with  neutrons: 
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Tlio  method  consists  of  applying  a  photographic  emulsion  to 
the  sample  surface  and  irradiating  with  neutrons.  The 
alpha  particles  (jHe4)  resulting  from  this  reaction  produce  an 
“autoradiographic”  image  in  the  emulsion.  Verv  high 
.resolution  is  possible  since  the  1.5-mev  alpha  particles  will 
not  penetrate  more  than  2  microns  of  steel.  In  effect,  then, 
the  emitting  sample  is  only  2  microns  thick. 

diffusion 

Autoradiography  is  an  excellent  method  for  distinguishing 
the  relative  effects  of  volume  and  grain-boundary  diffusion. 

For  self-diffusion  it  is  the  only  technique  for  making  this 
distinction.  Hoffman  and  Turnbull  (ref.  42)  have  shown 
grain-boundary  self-diffusion  of  silver  by  autoradiographs. 

Grain-boundary  diffusion  of  cobalt  in  iron  and  in  nickel 
has  been  demonstrated  autoradiographically  by  Ruder  and 
Birchennll  (ref.  43).  Achter  and  Smoluchowski  (ref.  44) 
have  presented  autoradiographic  evidence  for  the  grain- 
boundary  diffusion  of  silver  in  copper. 

The  self-diffusion  coefficient  for  gold  has  been  measured 
by  autoradiography  (ref.  45)  as  has  the  rate  of  volume  self¬ 
diffusion  of  tin  (ref.  40). 

FRICTION  AND  WEAR  STUDIES 

Bin-well  and  Strang  (refs.  47  and  4S)  have  discussed  the 
use  of  radioactive  tracers  for  friction  and  wear  studies  on 
metals.  Since1  the  amount  of  material  transferred  may  be 
very  small,  the  sensitivity  of  (Ik*  auto-radiographic  method 
makes  it  a  very  useful  tool  for  studying  metal  transfer  or 
“microwelding.”  The  above  authors  autoradiographically 
examined  the  effects  of  various  lubricants  on  the  amount  of 
radioactive  chromium  transferred  to  a  case-hardened  steel 
surface  during  friction  tests.  They  also  used  a  radioactive 
piston  rim;  to  study  metal  transfer  to  a  cylinder  wall  during 
the  operation  of  an  internal-combustion  engine.  Finally, 
Burwclf  and  Strang  presented  autoradiographic  evidence  for 
buildup  of  metal  at  the  cutting  edges  of  an  end  milling  cutter 
used  to  cut  radioactive  metal.  No  metal  buildup  was  visible 
under  the  optical  microscope. 

Burwell  (ref.  49)  has  given  a  good  review  of  the  techniques 
used  in  friction  studies. 

Rahinowicz  and  Tabor  performed  an  autoradiographic 
study  of  metallic  transfer  between  sliding  metals  (ref.  50) 
using  many  different  lubricants  and  radioactive  sliders  made 
of  different  metals. 

Rabinowicz  has  examined  metal  transfer  autoradio¬ 
graphically  by  two  somewhat  different  techniques: 

(1)  A  steel  sample  with  a  copper  friction  track  was  im¬ 
mersed  into  a  solution  containing  radioactive  iodine-131. 

The  iodine  reacted  with  the  copper  so  that  after  the  sample 
was  washed,  dried,  and  autoradiographed  the  location  and 
form  of  the  copper  track  were  revealed  in  the  autoradiograph 
by  the  iodine  radioactivity  (ref.  51). 

(2)  A  similar  steel  sample  with  the  copper  tract  was  neu¬ 
tron  irradiated  and  then  autoradiographed  to  show  the  loca¬ 
tion  of  the  copper  friction  track  (ref.  52). 

CORR08ION  STUDIES 

Radioactivity  has  been  used  in  several  corn  ion  investi¬ 
gations.  Bacon  (ref.  63)  electroplated  sample!  with  thin  I 
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layers  of  radioactive  iron  and  followed  the  corrosion  process 
autoradiographically.  The  formation  of  oxide  or  removal  of 
part  of  the  iron  layer  as  a  result  of  corrosion  altered  the  uni¬ 
formity  of  the  radiation  from  the  surface  so  that  the  auto¬ 
radiographs  gave  clear  pictures  of  the  corrosion  effects. 

HIGH-RESOLUTION-AUTORADIOGRAPHY  REQUIREMENTS 

The  importance  of  high-resolution  autoradiography  to 
metallurgical  studies  is  attested  by  the  number  of  papers 
reviewing  tracer  applications  in  metallurgy  which  rontain 
statements  to  the  cfTect  that  the  autoradiographic  technique 
is  only  now  in  its  early  stagra  of  development,  but.  enough  is 
known  about  it  to  indicate  that  it  will  become  a  very  valu¬ 
able  tool  in  the  near  future.  (See,  e.  g.,  ref.  54.)  The  “de¬ 
velopment”  has  largely  been  directed  toward  improved 
resolution. 

The  usefulness  of  autoradiography  in  metallurgy  will  in¬ 
crease  as  the  resolving  power  is  improved  because  the  metal¬ 
lurgist  is  generally  most  in  need  of  identifying  very  small 
mieroconstituents.  Many  autoradiographs  have  hern  pre¬ 
pared  using  such  commercially  available  photographic  emul¬ 
sions  as  No-Screen  X-ray,  luntern  slides,  and  speetrographic 
plates.  In  general,  these  all  suffer  the  disadvantage  of  being 
thick  low-density  emulsions.  For  reasons  which  will  next 
be  discussed,  it  is  impossible  to  obtain  high-resolution  beta 
autoradiographs  (of  the  order  of  a  few  microtis)  with  such 
emulsions. 

Several  authors  (refs.  55,  50,  ami  57)  have  published  de¬ 
tailed  calculations  on  the  theoretical  aspects  of  autoradiog¬ 
raphy.  The  conclusion  derived  from  these  studies  is  that 
resolution  will  be  improved  by  a  decrease  in  thickness  of  (1) 
the  photographic  emulsion,  (2)  the  radionctive  sample,  and 

(3)  the  separating  layer  between  sample  anti  emulsion. 

DETECTINO-LAYER  SPECIFICATIONS 

The  important  characteristics  of  a  detecting  layer  for  use 
in  high-resolution  autoradiography  arc: 

(1)  Thickness 

(2)  Sensitivity 

(3)  Silver  halide  loading 

(4)  Grain  size 

(5)  Ease  of  application  in  intimate  contact  with  sample 
surface 

These  characteristics  are  discussed  in  detail. 

Thickness. — Since  radiation  from  a  point  radioactive 
source  is  emitted  uniformly  in  all  directions  of  space,  the 
radiation  may  be  considered  to  diminish  in  intensity  accord¬ 
ing  to  the  inverse-square  law.  For  alpha  and  beta  radiation 
this  is  a  close  approximation  and  need  bo  modified  only  to 
account  for  tho  definite  maximum  range  of  these  particles 
in  matter.  Sec  table  I  for  properties  of  several  “typical” 
radioisotopes. 

The  need  for  thin  emulsions  (and  thin  separating  layers) 
is  a  result  of  this  isotropic  emission.  Because  of  this  property 
of  radioactivity,  the  closer  the  photographic  detecting  layer 
is  to  the  source,  the  denser  and  sharper  will  lie  the  photo¬ 
graphic  image. 

A  thick  emulsion  will  generally  show  an  imago  which  is 
less  sharp  than  that  obtained  in  the  thin  detecting  layer 
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Fmrms  1. — Specific  energy  loss  of  electrons  In  air  as  a  function  of 
energy.  (From  ref.  100.) 


because  the  cross-radiation  (emitted  in  a  direction  other 
than  normal  to  the  sample  surface)  has  a  greater  path  length 
in  the  thicker  ftlm  and,  hence,  a  greater  probability  of  ren¬ 
dering  several  silver  halide  grains  developable. 

The  thinnest  detecting  layers  now  used  are  between  3  and 
5  microns  in  thickness. 

Sensitivity. — Reasonably  good  sensitivity  is  desirable  so 
that  unduly  long  autoradiographic  exposures  are  not  re¬ 
quired  for  samples  with  moderately  low  amounts  of  radio¬ 
activity.  Sensitivity  is  an  inherent  characteristic  of  each 
individual  detecting  layer  and  is  influenced  by  grain  size, 
added  sensitizers,  and  the  manner  in  which  the  emulsion  is 
prepared  (e.  g.,  ripening  conditions).  Sensitivity  is  also  a 
function  of  the  energy  of  the  irradiating  beta  particle. 
Figure  1  indicates  that  for  energies  below  1  mev  there  is  a 
marked  increase  in  specific  energy  loss  with  decrease  in  beta 
energy.  This  means  that  a  beta  particle  of  0.05  mov  has 
a  greater  energy’  loss  per  small  unit  of  path  length  than 
a  0.5-mev  particle.  The  greater  energy  loss  also  means  a 
higher  probability  of  causing  an  ionizing  event  with  a  silver 
halide  crystal  and  thus  rendering  it  developable. 

There  are  also  indications  (refs.  58,  59,  and  60)  that  the 
photographic  action  of  electrons  is  a  maximum  between  50 
and  100  kev.  It  should  be  expected  that  a  given  photo¬ 
graphic  emulsion  would  show  higher  sensitivity  to  a  soft 
beta  emitter  such  as  carbon-14  than  to  a  more  energetic  beta 
emitter  such  as  phosphorus-32.  This  phenomenon  has  been 
observed  experimentally  (ref.  61). 

A  thick  emulsion  will  appear  to  be  more  sensitive  than  a 
thin  one  because  there  will  be  increased  photographic  activity 
(blackening)  due  merely  to  the  increased  path  length  of  the 
beta  particles  through  the  thicker  emulsion.  The  very 
thin  emulsions  needed  for  high-resolution  autoradiography 
may  appear  to  have  low  sensitivity  because  some  of  the 
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beta  particles  will  pass  through  the  detecting  layer  without 
producing  any  photographic  action. 

8ilver  halide  loading. — In  order  to  increase  the  probability 
of  beta  interaction  with  the  silver  halide  in  the  thin  emulsions, 
the  silver  halide  content  is  made  very  high. 

Commercial  nuclear  emulsions  contain  over  80  weight  per¬ 
cent  silver  bromide  in  gelatin.  The  wet-process  collodion 
films  can  contain  almost  00  weight  percent  silver  bromide. 
These  values  correspond  to  approximately  45  volume  percent. 

Close  packing  of  the  small  silver  halide  grains  is  also  re¬ 
quired  for  high-resolution  autoradiography.  If  voids  exist 
in  the  film  because  of  large  spacings  between  crystals,  the 
autoradiographic  image  may  not  give  a  true  representation 
of  the  radioaetive  source.  The  usual  commercial  photo¬ 
graphic  emulsions  contain  10  to  20  volume  percent  silver 
halide  (ref.  62). 

Grain  size. — Little  need  be  said  concerning  the  necessity 
for  using  fine-grained  emulsions  and  development  processes 
which  produce  reasonably  small  silver  grains.  The  grain 
size  of  most  nuclear  emulsions  is  0.1  to  0.5  micron,  while 
X-ray  films  may  have  grains  man_v  microns  in  diameter. 
For  low-resolution  autoradiography,  fast  X-ra.v  film  is 
frequently  used.  This  coarse-grained  film  has  the  advantage 
of  high  photographic  speed  which  pern i its  samples  with  low 
activities  to  be  autoradiographed  with  reasonably  short 
exposures.  High-resolution  work  cannot  be  done  with  this 
thick  coarse-grained  film,  however. 

It  is  probable  that  certain  emulsions  have  silver  halide 
grains  which  are  too  small  for  suitable  autoradiography. 
Boyd  (ref.  63)  has  reported  that  Kodak  No.  548  plate  is  too 
insensitive  because  of  the  grain  size  to  be  of  much  practical 
value  for  taking  betagraphs. 

The  carbon-14  carburized  samples  prepared  for  the  present 
investigation  produced  suitable  response  on  Xro-Screen 
X-ray  film  after  5-minute  exposure.  Mctallographic  plates 
and  lantern  slides  required  exposures  of  1  or  2  hours.  How¬ 
ever,  a  l-week  exposure  on  a  Kodak  No.  649-GH  plate 
produced  only  a  very  faint  image.  The  Kodak  types  548 
and  049  are  very  fine  grained  emulsions  having  resolving 
powers,  respectively,  of  approximately  500  and  1,000 
lines/mm. 

Contract  with  specimen  surface. — As  indicated  previously, 
the  photographic  detecting  layer  must  be  as  close  as  possible 
to  the  sample  surface.  This  means  that  if  any  separating  layer 
is  used  its  thickness  should  be  kept  to  a  minimum.  The 
method  of  applying  the  emulsion  to  the  sample  must  be  such 
that  good  contact  is  insured  during  the  exposure. 

In  the  wet-collodion  technique  the  detecting  layer  is  formed 
on  the  sample  surface.  The  painting  technique  in  references 
1  and  64  and  stripping  film  usually  leave  the  sensitive  layer 
in  good  contact  with  the  surface  to  be  investigated.  Dry- 
contact  autoradiography  leaves  much  to  bo  desired  funn  this 
point  of  view.  Slight  irregularities  in  die  sample  urface 
result  in  poor  contact  with  e  emulsie  and,  hen  c,  loss  of 
resolution. 

The  previously  men  done-  theoretics  onsideru;  ions  lead 
to  the  conclusion  that  the  >st  impoi,  :it  single  factor  for 
promoting  high  resolution  -i  a  low  terspace  ihicknesi 
between  the  sample  and  f  emulsion  These  calculations 
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Fkiore  2. — Carl)im-14  beta  spectrum.  (From  ref.  101.) 

wore  qualitatively  confirmed  by  Hillcrt  (ref.  39)  using  a 
4-micron  Kodak  Autoradiographic  Plate.  He  states  that 
the  resolving  power  was  found  to  be  diminished  by  a  factor 
of  3  when  the  emulsion  was  moved  from  direct,  contact  with 
the  specimen  to  a  distance  of  3  microns. 

RADIOACTIVE  SAMPLE  SPECinCATIONH 

The  radiation  emitted  by  a  radioactive  source  located  some 
distance  below  the  surface  of  a  specimen  will  be  diffuse  by 
the  time  it  reaches  the  emulsion.  If  it  is  possible  to  prepare 
samples  which  are  thinner  than  the  maximum  range  of  the 
radioactive  particles,  it  should  be  possible  to  reduce  this 
“diffuseness”  due  to  subsurface  radiation.  In  the  auto¬ 
radiography  of  steel  samples  containing  radioactive  phos¬ 
phorus,  resolution  will  be  unproved  ns  the  sample  thickness 
is  reduced  below  1,000  microns  (1  millimeter). 

In  the  case  of  carbon-14  with  a  maximum  beta  energy 
of  only  0.157  mev,  the  maximum  range  is  approximately  38 
microns  in  iron.  Thus,  if  the  specimen  thickness  is  less  t  han 
38  microns  (1.5  mils),  improved  resolution  might  be  expected. 
The  shape  of  the  carbon-14  beta  spectrum,  shown  in  figure 
2,  indicates  a  most  probable  beta  radiation  of  near  0.040  mev. 
In  order  to  obtain  xignificantly  improved  resolution  with 
steel  samples  containing  carbon-14,  it  is  necessary  to  reduce 
the  sample  thickness  to  less  t  ban  6  microns  (0.25  mil).  Such 
specimens  are  very  difficult  to  prepare.  It  has  been  sug¬ 
gested  that  the  metal-cutting  microtomes  (refs.  65,  66,  and 
67)  might  be  used  to  prepare  thin  samples  for  autoradiogra¬ 
phy;  however,  this  type  of  instrument  was  not  used  in  this 
investigation. 

By  using  low-energy  beta  and  alpha  particles  it  is  possible 
to  reduce  the  effective  thickness  of  the  sample  and  the 
emulsion.  The  nuclear-reaction  radiography  of  Hillert  (ref. 
38)  produces  1.5-mev  alpha  particles  which  will  penetrate 
only  2  microns  of  steel  and  about  4  or  5  microns  of  a  nuclear 
emulsion  (with  assumed  specific  gravity  of  3  to  4).  In  this 
example,  only  the  top  2  microns  of  a  much  thicker  sample 


Fiourk  3. — Side  view  of  carbon- 1  i  carburized  iron  being 
autoradiogrnplscd. 

would  contribute  any  alpha  particles  to  the  photographic 
action;  also,  only  the  5  microns  of  photographic  emulsion 
nearest  the  metal  surface  (assuming  no  separating  layer) 
would  be  acted  on  by  these  alphas. 

A  similar  argument  may  be  used  for  weak  beta  particles. 
Tritium  betas,  with  a  maximum  energy  of  0.02  mev,  have  a 
range  of  only  1  micron  in  steel.  Nickel-63  beta  particles 
(see  table  I)  have  a  range  of  7.6  microns  in  steel. 

Figure  3  shows  a  side  view  of  the  carbon-14  carburized 
iron  sample  being  autoradiographed.  It  is  readily  observed 
that  subsurface  radioactive  sources,  unseen  in  microscopic 
examination,  can  affect  the  photographic  emulsion.  Tin* 
arrows  indicate  the  paths  of  beta  particles  emitted  by  the 
radioactive  carbon  in  the  eementite. 

ACTIVITY-LEVEL  REQUIREMENTS 

Hera  and  coworkers  have  indicated  (refs.  61  and  68)  that 
10"  to  10’  electrons/cm8  are  required  to  obtain  a  density  of 
0.5  above  fog  on  the  Kodak  Autoradiographic  Plate.  The 
present  investigation  on  the  sensitivity  of  the  wet-collodion 
film  to  carbon-14  and  nickcl-63  radiation  indicated  that  10* 
to  lO'®  electrons/cm8  (exposures  of  1  to  10  hours)  prod-cod 
satisfactory  images.  The  following  calculaiions  show  the 
approximate  activity  levels  in  the  nickel-63,  carbon-l  i,  and 
tungsten-185  samples  used  in  this  investigation. 

Nickel-63:  These  samples  were  prepared  by  electro;  biting 
nickel-63  on  platinum  or  silver  from  a  nickel  sulfate  boric 
acid  bath  prepared  from  h  nickel  chloride  solution  i,  lived 
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from  the  AE(\  Oak  Ridge,  Term,  (him  appendix  A).  The 
solution  as  received  contained  0.182  mo/mi  activity  and  20.5 
mg  nickel/inl  solution.  One  millicuric  (me)  is  defined  as 
3.7  X107  disintcgrations/sec.  Tlio  nickel  specific  activity  is 
thus  8.88  mc/g. 

Since  the  specific  gravity  of  nickel  is  8.0  p/ml,  the  activity 
of  a  1 -micron  cube  is:  (8.9  p/ml)(8.88  mc/g)(10-11  ml/micron 
cube)  =  79  X 1 0*'3  millicuric. 

This  activity  corresponds  to 

(79X10-'*  mc)(3.7X107  disintegrations/sec/mc)  = 
2.92X  10~s  disintepralion/scc 

In  1  hour  this  1-micron  cube  would  emit  about  10.5  beta 
particles  in  all  directions  (300°  geometry). 

l'arbon-14:  The  carbon-14  pack  carburized  iron  and  steel 
samples  received  about  75  percent  of  their  carbon  from  the 
barium  carbonate  (for  activity  measurements  see  appendix 
II).  The  Oak  Ridge  National  Laboratory  analysis  gave  the 
specific  activity  of  t his  compound  (Ila('Oj)  to  be  0.00012 
mc/ing.  Referred  to  the  carbon,  this  specific  activity  is 
0.15  me/mg. 

Two  types  of  stock  were  carburized — electrolytic  iron  and 
low-carbon  steel  (SAE  1015).  For  simplicity  the  calcula¬ 
tions  are  confined  to  the  carburized  iron  samples.  In  doing 
this,  the  problems  of  dilution  of  carbon  by  that  already 
present  in  the  SAE  1015  stock  prior  to  carburizing  is  elimi¬ 
nated. 

Since  75  percent  of  the  carbon  in  the  iron  came  from  the 
barium  carbonate,  the  carbon  in  the  carburized  pieces  will 
have  a  specific  activity  of  (0.1 5) (0.75) =0.1 125  mc/ing. 
Cement  if  e  (FejC)  is  (1.08  percent  carbon  and  has  a  specific 
gravity  of  7.4  g/ml.  A  1-micron  cune  of  cementitc  weighs 
7.4XIO-*1*  gram  and  contains  4.04  X  10-10  milligram  of  car¬ 
bon.  The  activity  of  this  small  cube  is  (4.04XI0-1'1  milli¬ 
gram)  (0. 1125  mo/mg)  (3.7X  107  disintegrations/sec/me)  =2.1 
X 10"3  disintcgration/scc. 

In  1  hour  the  l-micron  cube  will  emit  eight  beta  particles. 
Thus,  the  cementitc  has  just  a  little  less  activity  than  the 
plated  nickel  (10.5  disintegrations/hr). 

Tungsten-185:  A  radioactive  tungsten  rod  with  specific 
activity  of  5  mc/g  on  November  9,  1949,  was  added  to  a  melt 
of  alloy  X-155.  Sixty-three  percent  of  the  tungsten  in  heat 
3  came  from  this  rod.  Therefore,  the  specific  activity  of 
the  tungsten  in  heut  3  was  (5  mc/g)  (03%)  =  3.I5  mc/g. 

Tungsten  carbide  (WC)  is  a  very  favorable  formula  to 
assume  for  a  high-specific-activity  compound.  Actually,  it 
is  more  likely  that  the  tungsten  enters  into  a  complex 
carbide,  for  example,  FojW3(’,  In  this  latter  carbide  the 
specific  activity  would  be  lower  than  in  the  case  of  WC  be¬ 
cause  of  dilution  by  the  iron.  Tungsten  carbide  is  04  weight 
percent  tungsten  und  has  a  density  of  15.7  g/ml.  The 
specific  activity  of  YVC  would  then  be  (0.94)  (3.15  nu/g)  = 
2.05  mc/g. 

A  l-micron  cube  of  WC  will  have  an  activity  of:  (2.95 
mc/g)  (15.7  g/ml)  (lO-1*  ml/micron  cube)  (3.7X107  disiritc- 
grations/sec/mc)  =  1.72X  10-5  disintegration/sec. 

In  1  hour  the  l-micron  cube  of  WC  would  emit  (1.2  beta 
particles. 

Thus,  on  the  day  of  melting  a  compound,  WC  would  have 
only  00  percent  of  the  specific  activity  found  in  the  nickel 


samples,  and  the  situation  laconics  more  unfavorable  for 
autoradiography  for  three  reasons: 

(1)  The  tungsten  probably  does  not  segregate  as  WC  but 
more  likely  as  a  (Fe,  W)«C  type  carbide. 

(2)  Tungsten-185  has  a  half  life  of  only  74  days. 

(3)  In  this  type  of  alloy  the  tungsten  concentration 
gradient  will  probably  not  be  so  sharp  as  the  gradients 
encountered  in  the  nickel-plated  and  the  carburized  samph-s. 
In  other  words,  even  though  precipitation  of  a  tungsten- 
containing  compound  occurred  in  the  alloy,  it  is  very  possible 
that  there  might  still  be  a  considerable  amount  of  tungsten 
left  generally  distributed  in  solid  solution. 

In  the  nickel  sample  there  was  100  percent  partition;  that 
is,  all  of  the  activity  was  in  the  nickel  plate  and  none  was 
in  the  platinum  or  silver.  In  the  carburized  pieces,  the  iron 
carbide  contained  0.68  percent  carbon  while  the  alpha  iron 
matrix  contained  less  than  0.01  percent  carbon;  thus  there 
was  a  partition  factor  of  at  least  0.08/0.01  or  608. 

Assume  the  formation  of  a  compound  Fe*W,C,  which  is 
75  weight  percent  tungsten.  The  total  tungsten  in  the  alloy 
is  2  percent,  and,  if  half  of  this  tungsten  enters  this  compound 
formation,  the  resulting  partition  factor  would  bo  75/1,  or 
75  compared  with  the  factor  of  at  least  068  for  the  carburized 
iron. 

srseme  activity  *bqiiikemkntm 

The  following  section  is  a  short  discussion  of  the  specific 
activity  and  volume  requirements  f or  the  detection  of  segre¬ 
gation  in  metals.  There  are  several  types  of  segregation 
which  might  be  encountered  in  metallurgical  studies:  (I) 
grain-boundary  segregation,  that  is,  the  concentration  of  a 
particular  clement  in  the  grain-boundary  region;  (2)  smoll 
precipitate  particles  which  could  be  less  than  a  cubic  micron 
in  volume,  anil  (3)  largo  precipitate  particles. 

All  three  of  these  conditions  have  been  studied,  or  at  least 
simulated  for  study,  in  this  investigation.  The  nickel- 
plated  platinum  specimens  are  similar  to  grain  boundaries 
in  that  the  active  source  is  a  sheetlike  figure,  essentially 
two-dimensional.  The  N-155  alloy  investigation  using 
tungsten-185  was  an  •'xamplc  of  case  (2),  in  which  a  very 
finely  divided  precipitate  was  studied.  The  carburized  iron 
ami  steel  samples  gave  specimens  of  ease  (3).  The  electro¬ 
lytic  iron  carburized  in  what  is  called  an  “abnormal”  fashion, 
producing  large  cementitc  islands  although  it  was  carburized 
in  the  same  manner  as  the  steel  which  came  out  a  coarse 
pearlitic  structure. 

The  investigation  of  a  finclj-  dispersed  phase  is  the  most 
difficult  for  three  reasons: 

(1)  Unless  there  is  a  very  high  specific  activity,  any 
given  precipitate  particle  will  have  a  low  number  of  dis¬ 
integrations  for  a  reasonable  exposure.  Note  the  activities 
calculated  for  the  nickel -c>3  and  carbon-14  samples.  The 
activity  is  only  8  to  10  d  isi  >  1 1  egrat  io>  is/h r/micron3.  Of  these 
8  to  10  disintegrations  perhaps  3  will  be  in  the  proper  direc¬ 
tion  so  as  to  register  in  the  detecting  film,  and.  furtliermo 
experience  indicates  that  the  efficiency  of  the  detecting 
silver  bromide  film  is  of  the  order  of  only  1  to  10  perec  i. 
This  means  that,  for  every  100  beta  particles  passing  i  to 
the  photographic  film,  only  I  to  10  developed  silver  gn;  ns 
will  lie  produced. 
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(2)  Fine  precipitates  will,  in  general,  require  the  highest 
resolution  detecting  scheme  since  the  small  particles  will 
probably  he  closely  spaced.  A  distance  of  a  few  microns 
or  less  between  precipitate  islands  is  not  unusual. 

(3)  The  fact  that  a  fine  dispersion  of  active  sources  exists 
results  in  a  high  probability  of  serious  subsurface  interfer¬ 
ence.  In  a  high-resolution  detecting  layer,  the  sources  ut 
the  sample  surface  will  produce  well-defined  images  while 
the  subsurface  sources  would  produce  diffuse  images.  A 
low-resolution  detecting  layer  would  not  indicate  any 
appreciable  difference  between  these  two  conditions. 

A  rough  approximation  of  the  possible  specific  activity 
requirements  for  successful  autoradiography  of  finely  dis¬ 
persed  phases  follows: 

Assumptions: 

1 -micron-cube  particle  size 

1/3  beta  particles  emitted  travel  through  emulsion 

Id-percent  emulsion  efficiency 

50, 000-second  exposure  for  autoradiograph  (14  hours) 

2  silver  grnins/particle  needed  to  define  the  detection 

Calculation: 

-0.0012  disintegration/see  required  of  this  l-mi- 

50,000  b  ,  1 

cron  cube 

Compare  this  with  the  value  actually  encountered  with 
the  nickel-03.  A  1 -micron  nickel  cube  had  0.0020  dis¬ 
integration 'sec.  This  is  2.4  times  the  value  calculated  on 
the  basis  of  the  above  assumptions,  which  is  to  say  that  the 
exposure  could  be  reduced  to  about  5.5  hours  and  still 
obtain  suitable  detection. 

A  1-inicron  cube  might  still  be  considered  a  fairly  large 
precipitate  particle.  A  cube  just  visible  with  an  optica! 
microscope  will  be  about  0.3  micron  on  a  side  and  the  vol¬ 
ume  will  be  0.027  micron'.  The  above  calculation  chunges 
by  a  factor  of  1/0.027  or  is  multiplied  by  37,  which  is  to  say 
that,  while  the  0.0012  disintegrntion/sec/prccipitate  particle 
is  still  required,  the  actual  spcciib-  activity  of  the  particle 
must  be  increased  37  times  because  of  its  smaller  volume. 
An  activity  of  0.0012X37  or  0.0445  disintegration/see/ 
micron'1  would  be  needed.  This  <•  15  times  the  activity  of 
the  nickel  used. 

Two  methods  exist  for  compensating  for  this  higher  activ¬ 
ity  requirement:  (a)  By  taking  advantage  of  the  integrating 
action  of  the  photographic  process,  the  exposure  time  can  be 
extended,  or  (b)  it  may  be  possible  to  obtain  radioactive 
material  with  sufficiently  high  specific  activity.  Limitations 
exist  to  both  of  these  procedures,  however.  At  the  present 
time,  exposures  of  greater  than  1  day  are  not  generally 
possible  with  the  wet-collodion  process  because  of  failure  of 
the  thin  plastic  protective  layer.  Failure  of  this  layer  re¬ 
sults  in  greatly  increased  background  fog  as  well  ns  corrosion 
of  the  metal  sample. 

The  Isotopes  Division  of  the  A  EC  at  Oak  Ridge,  Tenn  , 
is  the  world’s  largest  distributor  of  radioactive  isot  >,-.  «  ..  id 
its  catalog  contains  many  useful  hems.  However,  t tiore  are 
methods  for  obtaining  materials  w  ith  higher  specific  activi¬ 


ties  than  those  normally  supplied  by  Oak  Ridge.  For  exam¬ 
ple,  one  method  for  obtaining  nickel  of  high  specific  activity 
would  be  to  obtain  from  Oak  Ridge  stable  nickel-62  elect  ro- 
magnetically  separated  from  the  other  naturally  occurring 
stable  nickel  isotopes.  This  material  w'ould  be  irradiated 
in  a  high  flux  nuclear  reactor  such  as  the  Canadian  Chalk 
River  pile  or  the  Materials  Testing  Reactor  of  Arco,  Idaho. 
One  month  in  such  a  reactor  would  produce  a  specific 
activity  of  approximately  100  mc/g.  Two  months  of  irradi¬ 
ation  would  double  this  value.  Compare  this  with  the  8.8H 
mc/g  nickel-63  activity  supplied  by  Oak  Ridge. 

The  study  of  grain-houndary  diffusion  and  segregation 
may  not  require  so  high  specific  activity  since  it  is  no  longer 
necessary  to  have  the  whole  length  of  the  boundary  covered 
with  developed  silver  grains.  In  the  present  investigation 
t  here  may  be  distances  of  several  microns  over  the  radioactive 
nickel  sheet  where  no  silver  grains  have  been  deposited 
photographically.  However,  there  is  no  doubt  ms  to  the 
location  of  the  activity  in  these  specimens,  the  length  of  the 
active  region  being  well  spotted  with  silver  grains. 

Hit  is  sufficient  to  have  1  silver  grain  every  5  microns  nlong 
such  an  active  region  (assumed  to  be  1  micron  wide  and  I 
micron  deep),  it  is  readily  seen  that  a  much  lower  specific 
activity  is  required  than  when  working  with  dispersed 
constituents.  In  the  grain-boundary  ruse  1  silver  grnin 
is  required  for  5  microns’,  while  the  prccipitnte  requires 
2  grains/micron’,  or  a  ratio  of  1:10.  This  indicates  that 
only  about  one-tenth  ns  much  specific  activity  may  be  needed 
to  investigate  a  grain-boundary  phenomenon  ns  needed  in 
the  disperse-precipitate  case. 

The  most  important  conclusion  to  be  derived  from  this 
discussion  is  llint,  in  designing nn  experiment,  an  investigator 
must  insure  that  material  of  high  enough  specific  activity 
is  used  to  produce  the  desired  results. 

PROCEDURE 

This  report  essentially  covers  work  done  to  apply  wet- 
process  autoradiography  to  the  study  of  metals.  This 
section  on  experimental  procedures  has  been  divided  into 
two  main  phases  of  the  work:  (a)  Application  and  develop¬ 
ment  of  the  wet-process  autoradiographic  method  and  (b) 
preparation  of  suitable  metallurgical  samples  containing 
rndioactive  tracer  elements  for  the  application  studies. 

WET-PBOCBHS  AllTORADIOOBAPHY 

Work  on  the  wet-process  autoradiographic  method  was 
begun  in  1047  by  Dr.  Henry  J.  Oombcrg  at  the  University 
of  Michigan.  The  first  description  of  the  technique  was 
before  the  American  Physical  Society  in  February  1051. 
This  technique  utilizes  an  adaptation  of  the  wel-eollodion 
method  of  photography,  popular  a  century  ago.  fiom berg’s 
work  was  mainly  with  biologicnl  specimens  and  was  reported 
(ref.  09)  to  offer  a  resolution  of  1  micron. 

Method. — The  work  on  the  autoradiography  of  metal 
samples  to  be  reported  here  began  in  1949  using  the  following 
technique: 
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(1)  Metal  samples  were  mounted,  polished,  and  etched 
in  the  usual  motallographic  fashion. 

(2)  Tho  mount  was  dipped  in  a  collodion  solution  with 
the  following  composit ion  : 

1’.  8.  P.  collodion,  ml.. .  .  in 

Absolute  ethyl  alcohol,  nil  ....  34 

Cadmium  bromide,  k  -  -  .  0.75 

Ammonium  bromide,  g  . . .  0.15 

(3)  The  specimen  was  dried  for  30  seconds  and  immersed 
in  the  silver  nitrate  solution  of  the  following  composition: 

Silver  nitrate,  g. . .  . .  25 

Distilled  water,  nil. .  .  . .  _ _ _  250 

Sulfuric  or  nitric  acid  to  pit  of .  . . . . . 2to3 

(4)  After  a  suitable  autoradiographic  exposure  in  this 
silver  nitrate  solution  the  snmplc  was  developed  for  about 
30  seconds  in  the  following  solution: 


Ferrous  sulfate,  g . . . . . . .  3 

Copper  sulfate,  g .  .  .  t.tt 

Acetic  acid,  ml . . . . .  0 

Ethyl  alcohol,  ml  .  3 

Distilled  water,  ml . . . . .  110 


(5)  The  sample  was  fixed  for  a  minute,  washed  in  water  for 
a  few  seconds,  and  dried.  The  specimen  was  then  ready 
for  microscopic  examination. 

The  purpose  of  this  investigation  was  to  adapt  the  above 
procedure  for  use  with  metal  samples  anti  to  evaluate  and 
improve  the  method  wherever  possible.  To  this  end,  the 
succeeding  procedures  were  followed: 

Metallographic  mounting:  Metal  samples  were  mounted 
in  Lucite  or  Bakelite  cured  at  various  temperatures  and 
pressures  in  order  to  determine  whether  or  not  the  mounting 
medium  would  have  any  effect  on  the  photographic  system. 

Protective  layer:  Various  metal  samples  were  tested  with 
ami  without  a  protective  layer  to  isolate  the  metal  surface 
from  chemical  attack  by  the  solutions.  After  the  need  for 
such  a  layer  had  been  determined,  many  plastic  films  were 
studied  as  well  as  vacuum  evaporation  of  silver  and  gold 
layers  onto  test  specimens.  The  protecting  layer  should 
have  minimum  thickness  (a  layer  less  than  1  micron  in 
thickness  was  sought),  should  be  inert  to  the  photographic 
system,  and  should  protect  the  metal  substrate  from  reaction 
with  the  processing  chemicals. 

Bromide-collodion  solution:  The  composition  of  this 
solution  controls  the  thickness  of  tho  detecting  layer  and 
greatly  influences  its  radiation  sensitivity.  Changes  in  the 
composition  of  the  collodion  solution  were  studied.  For 
example,  the  thickness  of  tho  wet-collodion  layer  was 
reduced  by  diluting  the  solution  with  alcohol.  Photographic 
sensitizers  (organic  and  inorganic)  were  studied,  as  was  a 
change  in  the  pH  of  the  solution  (by  additions  of  alcoholic 
acetic  acid  and  ammonium  hydroxide). 

Silver  nitrate  solution:  With  the  exception  of  the  addition 
of  bromide  to  saturate  this  solution  with  silver  bromide,  no 
change's  were  made  in  the  composition  of  this  solution  aftet 
Oomberg’s  recommendation  (ref.  69)  to  uso  the  sulfuric  acid 
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addition  to  a  pH  of  2.5.  The  temperature  of  this  solution 
was  varied  from  room  temperature  to  1°  C. 

Warmup  solution:  Subsequent  to  the  beginning  of  this 
investigation,  Oomberg  (ref.  69)  recommended  the  use  of  a 
room-temperature  warmup  solution  between  the  refrigerated 
silver  nitrate  exposing  solution  and  the  room-tempera  I  tire 
developing  solution.  The  noed  for  such  a  solution  was 
evaluated  when  using  metallurgical  samples. 

Developer:  Tho  developing  solution  described  earlier  in 
this  section  was  suggested  decades  ago  by  Eder  (ref.  70). 
Many  experiments  were  performed  in  varying  the  developer 
composition,  temperature,  and  time. 

STANDARD  RADIOACTIVE  SAMPLE  PREPARATION 

In  order  to  evaluate  wet-process  autoradiography  properly 
it  was  necessary  to  prepare  standard  radioactive  metallo¬ 
graphic  samples  with  known  activity  distribution. 

Carbon-14. — Iron  and  steel  samples  pack  carburized  with 
radioactive  carbon-14  were  prepared  as  standards  since  the 
iron-carbon  phase  diagram  is  well  known.  The  carbon  is 
favorably  dispersed  into  the  ccmentitc  phase  leaving  only  a 
very  small  amount  of  activity  in  the  alpha  iron  phase. 

Nickel-63. — Platinum  foil  and  silver  metal  were  electro¬ 
plated  with  radioactive  nickcl-63.  Since  the  location  of  the 
nickel  in  these  samples  was  easily  detected  microscopically, 
there  was  no  question  as  to  the  location  of  the  radioactivity. 
A  silver-nickel  powder  mixture  containing  the  radioactive 
nickel  was  also  prepared  for  the  same  purpose. 

Copper-64. — An  alloy  of  5  percent  copper  in  antimony 
was  prepared  using  radioactive  copper  from  a  cyclotron 
probe  (deuteron  irradiation  of  copper).  The  phase  diagram 
(ref.  71)  indicates  that  the  copper  should  be  segregated  as 
the  compound  CuSb  leaving  less  than  0.2  percent  copper  in 
the  antimony  phase. 

Tungatan-185. — Radioactive  tungsten-185  was  incorpo¬ 
rated  into  two  heats  of  alloy  N-155.  These  materials  wore 
not  used  as  standard  samples  sinre  the  distribution  of  the 
tungsten  was  unknown.  This  alloy  was  investigated  briefly 
to  obtain  autoradiographic  evidence  for  tungsten  segregation. 

PREPARATION  OP  RADIOACTIVE  SAMPLES 

There  are  a  large  number  of  different  methods  for  pre¬ 
paring  alloys  containing  radioactive  isotopes.  Each  method 
has  its  own  advantages  and  disadvantages.  A  few  of  those 
techniques  will  be  found  in  the  following  list: 

(1)  Addition  of  a  radioactive  constitutcnt  to  a  melt:  This 
method  was  used  for  preparation  of  the  tungstcn-185  in 
N-155  alloy  and  also  the  eoppcr-64  in  copper-antimony  alloy. 

(2)  Electroplating  the  active  element:  Samples  with 
nickcl-63  plated  on  silver  or  platinum  were  prepared  in 
this  manner. 

(3)  Gas  reaction:  The  pack  carburizing  with  carbon-14  to 
bo  described  later  is  in  reality  a  gas  reaction  (ref.  72). 

(4)  Vacuum  evaporation  of  the  active  constituent  onto  a 
sample  (refs.  73  to  76). 
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(5)  In  situ  irradiation,  for  example,  in  a  nuclear  pile  or 
particle  accelerator  (refs.  20,  23,  29,  30,  31,  32,  39,  and  52). 

(6)  Electrochemical  exchange  (refs.  33  to  37  and  77). 

(7)  Gas  activation  (ref.  78) :  This  is  different  from  method 
(3)  and  more  like  method  (6)  in  that  the  radioactive  gas 
deposits  selectively  on  certain  constitutents  of  the  sample 
surface  (used  so  far  only  on  nonmetallic  surfaces). 

(8)  Chemical  reactions  such  as  silvering  or  nickel  plating 
by  chemical  reduction  (refs.  79,  80,  and  81). 

(9)  Metal  powder  mixtures:  A  silver-nickel  mixture 
containing  nickel-63  was  prepared  as  a  standard  source  for 
this  investigation. 

The  detailed  methods  used  to  prepare  radioactive  metal¬ 
lurgical  samples  for  this  investigation  follow: 

CABBON-14 

Samples  were  carburized  with  radioactive  carbon-14  in 
the  manner  described  by  Stanley  (ref.  72),  the  main  difference 
being  pack  composition.  The  sealed  carburizing  bomb  used 
in  this  investigation  is  shown  in  figure  4. 

It  was  desirable  to  obtain  a  high  specific  activity  in  the 
carburized  pieces.  Because  the  carbon-14  was  limited  to 
the  barium  carbonate  in  the  carburizing  compound,  the  usual 
pack  composition  of  about  10  weight  percent  barium  car¬ 
bonate  and  90  percent  charcoal  was  changed  to  equimolar 
parts  of  carbon  in  each  of  the  constituents  to  increase  the 
ratio  of  active  to  inactive  carbon.  The  carburizing  pack 
composition  is  given  in  table  II.  The  barium  carbonate 
powder  (containing  the  radioactive  carbon)  was  used  exactly 
os  received  from  Oak  Ridge.  The  charcoal  was  Eimer  and 
Amend  "activated  charcoal”  which  was  ground  to  —60  mesh 
and  dried  in  an  oven  at  110°  C.  These  two  powders  were 
well  mixed  before  addition  to  the  bomb. 


The  three  pieces  of  carburizing  stock  consist od  of: 


(a)  BAE  1018  steel,  g .  .  2.  2!lO 

(b)  Electrolytic  iron,  g .  .  .  0.007 

(c)  Electrolytic  Iron,  g .  . . . 0.  721 


Total .  . . . 3.018 


All  pieces  were  approximately  inch  in  diameter  and  were 
spaced  in  tho  bomb  cavity  with  short  pieces  of  0.050-inch 
bare  copper  wire.  A  copper  disk  was  used  to  seal  the  cavity 
and  tho  inner  walls  of  the  capsule  were  copper  plated  to 
eliminate  carburizing  of  the  bomb. 

After  loading,  the  capsule  was  sealed  and  welded  tight  so 
that  there  would  be  no  loss  of  radioactivity  to  the  atmosphere 
during  the  carburizing  operation. 

The  capsule  was  placed  in  a  ceramic  tube  electric  furnace 
at  room  temperature.  Tank  nitrogen  was  pa-wd  through 
the  tube  to  minimize  oxidation  of  the  bomb.  The  furnace 
was  up  to  carburizing  temperature  (1,700°  F)  in  5  hours. 
This  temperature  was  maintained  for  60  hours.  The  temper¬ 
ature  was  then  reduced  to  about  1,300°  F  for  24  hours  in 
order  to  produce  fairly  massive  cementite  particles  by  par¬ 
tially  spheroidizing  the  cementite.  After  this  spheroidizing 
treatment  the  current  was  cut  off  and  the  bomb  furnace 
cooled. 

A  blank  run  indicated  that  no  gas  pressure  built  up  in  the 
bomb.  In  spite  of  this,  however,  precautions  against  con¬ 
tamination  from  the  radioactivity  in  the  bomb  were  taken. 
A  small  hole  (X«  inch)  was  drilled  through  the  wall  into  the 
cavity. 

The  pieces  were  finally  removed  from  the  capsule,  washed 
in  a  gentle  water  stream  to  remove  loose  pack  powder,  dried, 
and  mounted  in  Bakelite  with  control  pieces  of  uncarburized 
stock  materials. 

NICUL-M 

Purified  nickel  chloride  solution,  with  the  following  specifi¬ 
cations,  was  received  from  the  Isotopes  Division  of  tho  AEC: 

Specific  activity  (nlckel-83) .  8.88  mc/g  nickel  or  0.182  rnc/ml 

Impurity  (eoball-60) .  0.003  mc/ml 

The  main  reason  for  preparing  samples  with  nickel-63 
was  the  desirable  quality  of  radiation  from  that  isotope, 
namely,  a  low-energy  beta  particle  without  gamma  emission. 
Cobalt-60  contamination  was  highly  undesirable  because  of 
tho  emission  of  gamma  rays  and  more  energetic  beta  particles 
as  was  shown  in  table  I. 

Since  a  pure  beta  source  was  desired,  the  cobalt  was 
removed  from  solution  by  a  chemical  extraction  (see  appendix 
A).  The  extraction  efficiency  is  indicated  in  table  III,  a 
double  extraction  effectively  removing  "all”  of  the  cobalt. 

Various  nickel-plated  samples  were  prepared,  some  on 
platinum,  others  on  silver.  In  several  eases  silver  was 
plated  on  top  of  the  radioactive  nickel  plate.  This  was  done 
for  two  reasons:  (a)  To  reduce  subsurface  radiation  from  the 
side  of  a  deep  specimen  and  (b)  so  that  the  active  nickel 
would  not  be  at  tho  very  edge  of  the  metal  sample  (the  most 
unfavorable  position  as  far  a-  obtaining  the  best 
autoradiographs). 

A  standard  silver  cyanide  solution  was  used  for  the  silver 
plating. 


r  i » 
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To  picjiii'"  a  mount  for  U*sting  rnsoluno?  n  tin*  range  o( 
II)  microns,  a  strip  of  platinum  foil  10  to  15  microns  thick  was 
nickel  plated,  then  silver  plated.  This  piece  tens  mounted 
on  edge  in  Bakelite  so  that,  when  polished,  the  edges  of  two 
thin  radioactive  nickel  sheets  separated  by  n  thicker  sheet 
(10  to  15  microns)  of  platinum  could  he  viewed  micro¬ 
scopically.  Tint  whole  sandwich  was  Ag-Ni  Pt-N'i-Ag,  the 
silver  being  plated  for  reasons  mentioned. 

Other  nickel-Od  samples  were  prepared  >v  plating  on 
silver  wire  and  then  viewed  as  either  transverse  or 
longitudinal  sections  of  the  wire. 

A  powder  mixture  was  prepared  by  mixing  approximately 
0.02  gram  of  radioactive  nickel  powder  with  1  gram  of  silver 
powder.  The  nickel  powder  was  received  from  the  AEC  at 
Oak  Ridge  (catalog  item  Ni-63-I)  and  contained  a  large* 
amount  of  cobalt-60  radiation  which  was  not  removed  for 
this  test.  The  mixed  powders  were  placed  in  a  mold  of  12- 
millimeter  diameter  and  pressed  in  an  80-ton  hand-operated 
[tress  at  room  temperature.  Since  the  pressed  material 
contained  voids,  it  was  melted  for  a  short  time  over  a  labora¬ 
tory  gas  burner  to  produce  a  sound  specimen. 

COPPER-84 

Several  copper  alloys  were  prepared  with  deuteron- 
activated  copper.  This  copper  was  obtained  as  a  cyclotron 
probe  and  was  irradiated  for  .20  mimt'es  at  50  microamperes 
in  the  University  of  Michigan  cyclotron. 

The  alloys  were  prepared  by  adding  the  copper  to  anti¬ 
mony  and  melting  over  a  gas  burner.  A  typical  composition 
was  5  percent  copper  in  95  percent  antimony. 

TL'NGSTEN-185 

A  standard  composition  low-carbon  N-155  type  of  i  Hoy 
was  prepared  using  radionctive  tungsten.  The  active  tung¬ 
sten  was  obtained  by  a  1-month  pile  irradiation  at  Oak 
Ridge  of  6.856  grams  of  tungsten  rod  of  spectrographicnlly 
known  purity.  This  tungsten  was  added  to  a  molten  charge 
of  an  alloy  which  was  standard  N-155  except  for  being  low 
in  tungsten. 

Following  the  active  tungsten  addition,  the  melt  should 
have  had  approximately  the  following  composition  in  per¬ 


cent  by  weight : 

Chromium .  -  . - . —  -  21 

Cobalt .  -  -  - -  21 

Nickel. .  . . .  21 

Molybdenum  ...  ..  .  — .  2 

Tungsten.  .  .  .  .  ......  . .  .  .  2 

Niobium _ ...  . .  —  1 

Manganese..  .  . .  . .  1.7 

(Silicon _  .  . .  ...  -  - . -  -  0.  8 

( 'arbon . .  .  — .  .  —  -------  -  0.  1 5 

Nit  rogen.  _  _  . .  .  —  -  ----------  0.  1 5 

[fon  .....  .....  .  . . .  Balance 


The  total  charge  was  545  grams,  the  total  tungsten, 
therefore,  weighing  0.02  X  545  or  10.9  grams.  Of  this 
amount  of  total  tungsten,  6.856/10.9  or  63  percent  came 
from  the  activated  rod 

Melting  was  carried  out  in  an  induction  furnace  under  an 
exhaust  hood  to  remove  any  volatilized  radioactivity.  The 
molt  was  cast  in  a  sand  mold  onto  a  steel  chill  block.  Heat 
3  had  the  desired  composition.  During  the  cooling  period 
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n  the  sand  mold,  about  half  of  heat  3  spilled  out  and  was 
re  melted  with  added  standard  N-155  alloy.  This  was 
poured  as  before  and  was  termed  heat  4.  Based  on  radio¬ 
activity  counts,  heat  3  had  approximately  twice  the  specific 

activity  of  heat  4. 

Samples  were  taken  of  this  as-cast  material  and  both 
heats  were  forged  from  151-inch  cylinders  to  5r-mch  rods. 
The  forged  stock  was  given  various  heat  treatments,  in¬ 
cluding  solution  treatment  at  2,200°  F  for  1  hour  followed 
hv  aging  at  1,400°  and  1,600°  F  for  24  to  1,000  hours.  One 
sample,  after  solution  treatment,  was  cold-worked,  then 
aged  100  hours  at  1,600°  F.  The  work  consisted  of  rolling 
a  ^-inch-diameter  rod  down  to  a  strip  X  by  %  inch  in  cross 
section.  The  purpose  of  this  cold-working-aging  treatment 
was  to  spheroidize  the  precipitating  particles. 

The  original  irradiated  tungsten  rod  had  an  approximate 
activity  of  48  millicuries  of  tungsten-185  when  removed 
from  the  Oak  Ridge  reactor  on  October  3,  1949.  Melting 
was  performed  on  November  9,  1949,  at  which  time  the 
total  activity  was  34.4  millicuries,  and  the  specific  activity 
of  heat  3  should  have  been  34.4  mc/545  g  or  0.063  mc/g. 
.Tones  (refs.  25  and  26)  used  tungsten-185  activities  of  0.1 
to  1.0  mc/g  and  autoradiographic  exposures  on  Kodalith 
emulsion  of  75  hours. 

RESULTS 

This  investigation  was  carried  out  to  adapt  wet-process 
autoradiography  to  metallurgical  samples  to  obtain  high 
resolution  of  segregated  radioactive  elements  in  micro- 
structures.  The  results  are  confined  to  the  development  of 
the  technique.  No  data  were  obtained  which  utilized 
autoradiography  to  obtain  metallurgical  information. 

ILLUSTRATIVE  WET-FBOCESS  AUTORADIOGRAPHY  USING  IKON 
CARBUBIZED  WITH  CABBON-14 

Photomicrographs  are  shown  in  figures  5,  6,  and  7  to 
illustrate  the  adaptation  of  wet-process  autoradiography  to 
metallurgical  specimens. 

Spheroidized  Fe,C  containing  carbon-14  gave  the  auto¬ 
radiograph  shown  in  figure  5.  Radiation  from  a  fairly  mas¬ 
sive  particle  of  Fe,C  (fig.  5(a))  caused  silver  grains  to  be 
developed  in  the  emulsion  directly  over  it  (figs.  5(b)  and 
5(e)).  The  microstructure  of  the  metal  can  be  seen  through 
the  autoradiograph.  The  developed  silver  grains  were  cen¬ 
tered  well  enough  over  the  Fe»C  particle  to  indicate  that  the 
cementite  was  the  source  of  the  radioactivity.  Focusing  on 
the  silver  grains  in  the  emulsion  leaves  the  metal  structure 
slightly  out  of  focus  (fig.  5(b)),  while  focusing  on  the  metal 
structure  leaves  the  silver  grains  slightly  out  of  focus  at 
1.000X  magnification. 

Another  field  of  the  carburized  and  spheroidized  iron  is 
shown  by  figure  6.  The  degree  to  which  the  developed  silver 
in  the  autoradiograph  and  the  underlying  microstructuro  can 
he  seen  is  clearly  illustrated  in  figure  6(a)  at  250X  magnifica¬ 
tion.  Polarized  light  can  be  used  to  show  the  developed 
silver  grains  as  white  particles  in  a  dark  field  (fig.  6(h)). 
Similar  photographs  at  1,000X  magnification  in  figures  6(c) 
and  6(d)  were  token  to  show  the  degree  of  resolution  obtain¬ 
able.  The  two  FejC  particles  were  about  25  microns  apart 
and  it  is  obvious  that  they  could  have  boon  rcsolvc*<l  at  con¬ 
siderably  less  separation. 
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(cl  UriRlil  illiiinitiAtion.  I.OOOX.  (<l)  Polarized  illumination.  I.OOOX. 

l'r.  i  o.  AiitorttilioKmitliN  of  electrolytic  iron  carburized  with  carbon-1  I.  Collodion  type  till.  O-honr  exposure. 


It  is  import imt  in  preparing  the  mount  to  end  up  with  ns 
plnnur  u  surface  ns  possible.  There  should  he  a  minimum 
of  pitting;  or  cracking  in  the  metal  surface  and  also  the  rnctnl- 
Bakelitc  interface  should  he  quite  smooth.  The  reason  for 
(his  requirement  Is  mainly  so  that  a  continuous  protective 
plastic  layer  can  he  formed  over  the  whole  surface.  A 
rough  surface  could  cause  ten  ring  or  thinning  out  of  this 
luver  unci  result  in  extensive  chemical  ml  ion  between  the 
metullic  specimen  and  the  photographic  chemicals. 

The  sample  may  or  may  not  he  etched.  In  most  of  the 
work  reported  here,  the  ferrous  samples  Acre  etched  with 
picrnl  and  the  platinum-nickel  samples  v  «•  not  etched. 

\  agoda  (ref.  82)  has  pointed  out  tin  possible  undesira¬ 
bility  of  etching  mend  samples  which  e  to  be  studied 


nutorndiographicnlly.  1 1  is  argument  is  that,  if  any  cracks 
are  present,  the  etch  acid  might  be  retained  and  subse¬ 
quently  liberate  hydrogen  sulfide  from  the  included  sulfides, 
as  in  the  sulfur  print  method.  This  gas  would  react  with 
the  silver  halide  to  form  silver  sulfide  which  is  insoluble  in 
the  fixing  solution.  Yugoda  therefore  recommends  rinsing 
etched  samples  with  dilute  ammonium  hydroxide  and  drying 
thoroughly  before  making  contact  with  a  photographic 
emulsion. 

A  second  possible  trouble  encountered  as  a  result  of  etch¬ 
ing  metal  samples  might  he  the  redistribution  of  minute, 
traces  of  certain  elements  due  to  electrochemical  notion. 
Yagoda  describes  how,  in  the  etching  of  pitchblende  sections 
with  nitric  acid,  radioactive  polonium  is  caused  to  deposit 
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«m  in«‘t  till  it*  silver  inclusions.  hus,  the  silver  is  coated  I 
with  polonium  which  produces  <■  isidcratilc  film  blackening 
w  hen  the  snmple  is  niitorudiogri  cd. 

Since  il  is  nil  loo  easy  nohtait  ■scudophologrnphic  cUcrts 
in  I  he  autoradiograph.  tde  use  of  i  control  (nonriidioactive) 
mefid  snmple  is  strongly  re  niniended.  This  control 
should  lie  physically  similar  to  dc  radioactive  sample  and 
preferahly  placed  in  the  ■ante  Bn  elite  mount  so  as  to  receive 
nearly  identical  treatme  i. 

in  reality,  the  control  can  serve  two  functions.  It  will 
show  up  the  presence  o  artifacu  in  the  emulsion,  such  as 
in  it'll  t  lie  produced  hy  .aid  in  site  emulsion  or  by  chemical 
inicraetion  with  the  tin  d  specimen.  Secondlv,  the  “aulo- 


I  radiograph"  on  the  contro  mid  consist  of  background  fog 
only.  Thus,  the  invest  ig  can  determine  the  foe  h>vel 

somewhat  away  from  the  i  active  sample.  Il  frcipieiillv 

hajipeiis  that  a  fairly  la.rg<  iinhcr  of  silver  era  ins  arc  seen 
over  the  radioactive  samp  hut  il  is  (piestionahle  if  they 
were  caused  hy  radiation  o  e  fog  grains.  A  control  -peei- 
(ii ci)  should  answer  such  <p  ions. 

I'KOT  VK  I.AVKK 

I’reliminary  studies  ind  cd  the  need  for  a  pro  •etive 
layer  on  all  metal  samples  >slcd.  In  I  lie  absence  of  such 
a  layer,  seven*  corrosion  us*  !lv  look  place  since  tin*  samples 
were  immersed  in  a  silver  i  ate  dilute-acid  solution  for  the 
autoradiographic  exposure. 
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:•  It.iiilufieln  ••  «:itri|»!«  j»M  reliin\ed  from  collodion  'iillltinli.  I  In  i  MU 
‘III  ;»li-*url  m  *  1 1 1  I  »:*  I M -r. 

I»  Sample  iii  nil  mil-  -< >lu r  i< »n  fur  aiitoradiourapli  exposure. 

I  m  i  id.  H  \  1 : 1 1 1 1 1 f 1 1 1 : 1 1  iun  .if  f’sn Iii  imi’I i \  i ■  sini|ili'  in  wet  antnradiu* 

Ktaphie  |»r* »(•»■•**. 

li  «ilvcr  ml  i'll  !<•  -obit  ion  for  'CVitiiI  hour-..  This  sample  «a* 
Icvclopcd  ju~i  like  mi  aulnradiocraph.  Some  of  these 
■ample-  c'linii'  out  badly  focC'd.  in  |||,.  absence  of  radiation, 
in  niisr  of  -nine  action  of  I  In-  plastic  oil  (lie  photocraphie 

process. 


I'll  Mill cnnls  which  pnsscil  this  photographic  test  were 
liiinll v  thinned  down  to  {live  n  Inver  I  to  2  microns  in  thick¬ 
ness  mid  Icslcd  ti*rnin  for  impcmicnhilit v. 

Till*  following  list  jjivi’s  the  materials  examined: 


Tr;i<|f  t.iinn 

i 'IM'MiiuiI  iiunii' 

S ..Ivclll  II*  <1 

Alvar 

Pn-y  vinyl  acetal 

Alcohol 

Aroflim  -  IH1 

Phenolic  1  y pi*  refill 

Korin  \  Ml' 

Polyvinyl  formal 

Kl  iiyleiie  diehloride 

(  ieoll 

Vinyl  i n >  lie chlo¬ 

ride. 

Toluene  «*r  M  KK  -* 

Kurile 

Pol v iim‘1  1 1 \  Imethacrv  late 

Toluene 

Parauax 

Parallin 

Toluene,  o|-  liol 
wit  li  no  -ol  veni 

Parlun 

( ‘hlorinai  •  u i  rubber 

Tollletie  or  M  KK 

Polyei  liy  l«*in* 

NN  arm  lohiene 

Saran,  !•'  120 

I.1MMI  ep- 

V my] t4 lt*ni‘  chloride 

M  KK 

2(10  rp- 

Viny  lidene  chloride 

mi:k 

Silicone** 

1  )u\\  \  K  l ."» 

i;  !•:  \o.  hhso 

Toluene 

llrv-tilm  '.I'.tsT 

Sly run 

Poly  -  i  y  r*  ■!  i*  ■ 

Tnluelie 

TiHoit 

'Pel  rafluoret  hy  lene  refill 

A(pieoi|>  di-*per>iuii 

Viny lii«*  VMCI1 

Vinyl  chloride.  H7  per¬ 
cent  . 

Vinvl  aeelale,  12  per¬ 
cent  . 

Maleic  siciil,  1  percent 

MKK 

Vln\  lit «•  \’ YDK 

Vinyl  eliloride.  Ho  per- 
rent . 

Vinyl  aeel ale.  o  percent 

(  \ elolie\anone 

Viuylile  \'  N  II !  1 

N'inyl  rliloriile.  s7  per- 

eeul . 

Vinyl  aeel  ate.  Cl  per- 
renl . 

MKK 

Vinylite  V Y  \S 

N'inyl  eliloride,  HU  per* 
eenl . 

N'inyl  aeelale.  10  per¬ 
cent  . 

MKK 

*  M  KK  l-  li\ I  «•? Ii% I  k«  lorn-. 


In  mldition  to  the  plastic  mnlerials  tesled.  cold  and  silver 
films  were  vacuum  evaporated  onto  test  specimens.  I  sed 
without  additional  protection,  these  nolile  llletal  films  enlist'd 
a  Inch  Imckcrnuml  fno  level.  The  formation  of  fi»c  in  the 
presence  of  the  silver  film  is  readily  explained  by  the  hulk 
silver  metal  (in  the  film )  nuelealinc  silver  deposition  in  the 
development  reaeiion.  Since  c«'l'l  Inis  a  very  similar  er\ si  id 
structure,  it  doubtless  acts  in  the  same  manner.  In  order  to 
use  these  metal  films  it  was  necessary  to  overcoat  with  a 
plastic  Inver.  No  study  was  made  to  determine  if  thi- 

plastic  Inver . Id  lie  used  thinner  than  in  the  absence  of  the 

metal  film. 

Thus,  far.  no  protective  layer  has  been  superior  to  a 
Vinylite  film.  The  best  protection  is  provided  by  I  he  ‘.10:1(1 
copolymer  of  vinyl  chloride  and  vinyl  aeelale  (Vinylite 
VYXS.  maniifael ured  by  the  llakelite  ( 'orp.l.  I  his  eopoly- 
mer  powder  is  dissolved  ill  methyl  cl  lily  ketone  as  a  I  -  to  10- 
pcrccul  solution.  The  solution  most  fretpienlly  used  in  lliis 
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investigation  was  2  grams  of  VYNS  in  100  milliliters  of 
solvent.  A  single  layer  of  this  material  provides  a  film 
approximately  1  micron  in  thickness  which  will. protect  a 
steel  sample  for  an  exposure  of  up  to  1  day.  A  method  for 
measuring  this  plastic  layer  thickness  utilizing  beta-ray 
absorption  is  given  in  appendix  C. 

The  recommended  technique  is  as  follows:  The  Bakelite 
metallgraphie  mount,  clean  and  dry,  is  dipped  into  the  plastic 
solution  and  allowed  to  drain  anti  dry  vertically  for  a  few 
minutes  at  room  temperature.  The  film  is  then  baked  under 
a  heat  lamp  or  in  an  oven  at  temperatures  from  70°  to  200° 
(’.  Usually  around  100°  C  for  .‘$0  to  00  minutes  produces  a 
satisfactory  film.  The  sample  is  then  cooled  to  room  tem¬ 
perature  and  is  ready  for  photographic  processing. 

AUTORADIOGRAPHIC  PROCESS  VARIABLES 

The  chemical  and  physical  variables  involved  in  the 
preparation,  exposure,  and  development  of  the  radiation- 
sensitive  layer  all  influence  the  quality  of  the  final  autoradio¬ 
graph.  'Flu*  investigation  of  these  factors  was  carried  out 
inainlv  with  the  carbon-14-containing  samples.  These 
samples  were  less  prone  to  corrosion  than  the  nickel-63 
plated  samples  and  gave  suitable  results  with  exposures  of 
several  hours. 

Preparation  of  radiation-sensitive  layer. — The  composi¬ 
tions  of  several  collodion  solutions  used  in  this  investigation 
are  given  in  table  IV.  The  two  variables  controlled  by  the 
composition  are  (1)  the  thickness  of  the  layer  and  (2)  its 
radiation  sensitivity. 

Collodion  film  thickness:  The  degree  of  resolution  in¬ 
creases  as  the  thickness  of  the  collodion  layer  is  reduced, 
because  of  the  reduction  in  the  cone  of  radiation  intersected 
by  the  radiation-sensitive  silver  bromide  in  the  collodion. 
Using  present  techniques,  the  lower  limit  for  collodion  film 
t  hickness  is  about  3  microns.  Thinner  films  have  insufficient 
mechanical  strength  to  be  applied  satisfactorily  to  the 
metallurgical  mounts. 

At  the  time  this  work  was  begun,  16  milliliters  of  U.  S.  P. 
collodion  diluted  with  34  milliliters  of  alcohol  appeared  the 
most  promising  on  the  basis  of  Gomberg’s  original  work 
(ref.  69).  This  resulted  in  the  wet  collodion  layers  being 
more  than  10  microns  thick.  The  resolution  of  the  resulting 
autoradiographs  was  about  30  microns  as  is  shown  by  the 
photographs  of  the  nickel-63  and  platinum  foil  in  figure  10. 

The  collodion  layer  thickness  is  varied  by  changing  the 
nmount  of  U.  S.  P.  collodion  added  to  the  solution.  Flexible 
collodion  containing  camphor  should  not  be  used.  By  re¬ 
ducing  the  collodion  addition  to  4  to  8  milliliters  of  U.  S.  P. 
collodion  in  50  milliliters  of  solution,  wet  collodion  layers 
approximately  4  microns  thick  were  obtained.  Thickness 
measurements  were  made  focusing  through  the  film  by 
changing  the  calibrated  fine  focus  of  a  microscope.  Al¬ 
though  measurements  on  these  wet  layers  arc  difficult  to 
obtain,  they  did  indicate  that  the  thickness  of  the  collodion 


(b)  Polarized  illumination. 

FinuBE  10. — Autoradiograph  of  nickel-63  plated  on  platinum  using 
10-mlcron-thick  collodion.  Collodion  type  AW.  2-hour  exposure. 
250X. 

layer  was  between  3  and  5  microns  when  4  to  8  milliliters 
of  U.  S.  P.  collodion  was  used  (types  AX  and  AZ,  table  IV). 
The  resolution  obtainable  with  collodion  types  AZ  and  AX 
appears  to  be  comparable  as  measured  on  the  carburized 
specimens. 

Attempts  to  use  still  thinner  solutions  (1  or  2  milliliters 
of  collodion  in  50  milliliters  of  solution)  were  not  successful. 
Apparently  there  is  insufficient  collodion  to  bind  the  silver 
salts  in  place.  Even  the  collodion  type  AZ,  which  contains 
4  milliliters  of  collodion  in  50  milliliters  of  solution,  is  some¬ 
what  more  difficult  to  use  than  the  solutions  containing 
more  collodion. 


IS 
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(«'  Bright  illumination. 

(h)  Polarized  illumination. 

I*ioi  kk  II.  Autoradiograph  of  earlxm-M  in  iron  using  5-micron-thick 
collodion.  ('ollodioti  tvpi*  AZ.  1. 5-hour  exposure.  250 \. 

Alt  lioiifrli  collodion  type  AZ  (4  milliliters*  is  probably 
iirtiuilly  somewhat  thinner  tlmn  type  AX  (S  milliliters), 
there  appears  to  he  not.  enough  difference  to  warrant  using 
AZ,  which  is  more  difficult  to  apply  satisfactorily,  except  in 
those  cases  where  highest  resolution  is  sought.  An  auto¬ 
radiograph  prepared  with  collodion  AZ  is  shown  in  figure  1 1. 

Factors  affecting  radiation  sensitivity:  The  radiation- 
sensitive  substance  is  the  silver  halide  which  forms  when  the 
sample  with  its  collodion  film  is  immersed  in  a  silver  nitrate 
solution.  Since  the  various  silver  compounds,  do  not  have 


the  same  sensitivity  to  radiation,  it  is  presumably  possible 
to  exert  some  control  over  the  sensitivity  of  the  detecting 
layer  by  changing  the  composition  of  the  salts  in  the  collodion. 

Theoretically,  a  perfect  silver  bromide  crystal  is  a  very 
poor  radiation  detector.  The  sensitivity  of  the  silver  bro¬ 
mide  crystals  in  these  collodion  layers  is  due  to  crystal 
imperfections  and  to  trapped  impurities  such  as  cadmium 
ions.  1 1  should  be  possible  to  improve  I  he  sensitivity  of  these 
crystals  bv  proper  additions  of  other  “impurities”  which  may 
be  either  organic  or  inorganic  sensitizers.  Both  of  these 
approaches  have  been  tried  with  no  noticeable  improvement 
to  date. 

The  organic  sensitizer  suggested  by  .fenny  (ref.  X:t)  had 
no  apparent  influence  on  the  radiation  sensitivity  of  this 
process. 

Kxtensive  work  was  done  to  introduce  sulfide  “sensitivity 
specks"  into  the  silver  bromide  lattice.  It  is  believed  that 
the  presence  of  sulfide  in  most  commercial  photographic 
emulsions  greatly  influences  the  radiation  sensitivity. 

Preliminary  investigations  using  sulfide  (added  to  the 
collodion  solution  as  alcoholic  ammonium  sulfide)  were  quite 
favorable.  Unfortunately,  the  results  have  proved  to  be 
unreproducible  and  sulfide  is  no  longer  added  to  the  collodion. 

Additions  of  nlroholir  ammonium  hydroxide  and  acetic 
acid  to  the  rollodion  had  no  apparent  influence  on  radiation 
sensitivity.  These  additions  were  made  to  a  collodion  solu¬ 
tion  containing  only  ammonium  bromide,  since  the  am¬ 
monium  hydroxide  additions  to  a  rollodion  containing  cad¬ 
mium  bromide  resulted  in  the  formation  of  a  precipitate, 
presumably  cadmium  hydroxide. 

Mees  (ref.  02)  has  stated  that  alt  (commercial)  negative 
emulsions  contain  some  iodide,  the  amount  varying  from 
near  zero  to  about  ft)  percent  of  (he  silver  bromide  present. 
Teltow  (ref.  X4)  comments  that  the  mechanism  underlying 
the  effect  of  tin*  iodide  does  not  yet  seem  to  have  been 
elucidated  and  further  investigation  is  desirable.  In  a  very 
rough  way,  however,  one  may  suppose  that  the  presence  of 
a  small  amount  of  tin*  large  iodide  ion  expands  the  silver 
bromide  crystal  lattice,  lowering  the  binding  energy  of  the 
silver,  and,  hence,  increasing  emulsion  sensitivity. 

The  influence  of  iodide  additions  to  the  collodion  is  il¬ 
lustrated  in  figures  12  to  14.  The  bromide  collodion  (tvpe 
AW)  was  used  to  produce  the  autoradiographs  in  figure  12 
to  show  the  relatively  large  amount  of  silver  rendered  de¬ 
velopable.  Collotliou  BK  (5  mol  percent  iodide)  produced 
the  autoradiographs  in  figure  13  showing  the  negligible  effect 
of  the  addition  of  5  mol  percent  iodide  to  the  bromide. 
Collotliou  BFj  (50  mol  percent,  iodide)  produced  the  auto¬ 
radiograph  in  figure  14.  The  poor  response  of  collodion  III, 
could  be  due  either  to  the  inherent  low  radiation  sensitivity 
of  the  silver  iodide  or  possibly  to  the  re-solution  of  I  lit* 
silver  iodide  crystals  into  the  silver  nitrate  solution  leaving 
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m)  Mriulit  illiiniiiiat ion.  2A0X. 
<c  F«wu>  oii  silver  grains.  I.OOOX. 


(I>)  Polarizer!  illumination.  2A0X. 
(r!)  Foeiw  on  metal  surface.  I.OOOX. 


Kiui  lit:  12.  Autoradiographs  of  eiirbon-H  in  iron  using  bromide  collodion.  Collodion  type  AW.  l-!ionr  exposure. 


only  a  siimll  number  of  silver  bromide  crystals.  1 1  bus  been 
observed  many  limes  t but  silver  iodide  is  mueli  more  soluble 
tbun  silver  bromide  in  ibis  silver  nitrate  solution. 

From  the  limited  work  done,  it  would  appear  ns  tbou^li 
the  bromide  solution  performed  as  well  as  any.  Extensive 
quantitative  work,  measurinjr  the  silver  {Train  count  versus 
number  of  beta  disintegrations,  would  be  required  accurately 
to  evaluate  each  collodion-solution  composition. 

Salt  content  of  collodion  solution :  The  amount  of  bromide 


!  salts  present  in  these  solutions  is  apparently  not  critical. 
|  Collodion  BB,  which  was  diluted  in  collodion  but  full  strength 
in  salts,  produced  tin*  autoradiographs  shown  in  (ijrurcs  t; 
and  15.  These  two  figures  can  be  used  to  compare  results 
obtained  with  a  rather  heavy  exposure  (10.5  hours,  Ii<r.  15) 
and  a  lighter  exposure  ((>  hours,  fi}r.  fi). 

It  is  likely  that,  for  a  {riven  amount  of  salts  present,  an 
increase  in  the  collodion  layer  thickness  would  result  in  de¬ 
creased  radiation  sensitivity.  For  this  reason  a  collodion 
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(a)  Mrinlil  ilhiminaf i»n.  230X. 
tli)  Polarized  illiiiiiiiialiiin.  250  X. 

I c)  Focus  mi  silver  trains.  I.IMIOX. 
dl)  Focus  mi  metal  surface.  I.INKIX. 

•  t'tt  « >-•  13.  Aulnriiilinariipli  of  carbon- 1  I  in  iron  tisiim  collodion  containina  5  mol  |>creciit  iodide.  Collodion  lype  UK.  I  •hour  cx|»o-ure. 


of  I  ho  type  IJB  should  he  (lie  mosl  sensitive  of  those  lisleil 
in  Inlile  IV  since  il  eoiilniiis  the  highest  rnlio  of  liroiuiile  lo 
collodion.  The  effect  of  collodion  Inver  thickness  on  radia¬ 
tion  sensitivity  was  not  studied  in  this  investigation. 

In  use,  collodion  III)  will  contain  XX  weight  percent  silver 
hromiilc  in  the  dried  film.  This  compares  with  ahoiit  82 
weight  percent  for  total  silver  halides  (hromide  and  iodide) 
in  Kastman  NTH  imelear-type  emulsion,  also  measured  on 
a  dry  basis. 


Silver  halide  coverage:  It  is  necessary  that  the  silver 
bromide  cover  the  radioactive  sample  as  completely  as  pos¬ 
sible  in  order  to  get  maximum  radiation  activation  of  the 
sensitive  layer.  To  show  the  extent  of  the  silver  halide 
coverage,  a  mount  was  prepared  as  usual,  immersed  for  I 
hour  in  the  silver  nitrate  solution,  and  then  merely  washed 
and  photographed.  The  result  of  this  test  is  indicated  in 
figure  Hi.  'Flic  white  grains  in  this  figure  are  silver  bromide 
crystals  and  il  is  noted  that  the  sample  coverage  is  excellent. 
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Ini  l-'c m-u?4  on  silver  nr»in-. 
lit)  Kurils  on  met  a  I  surface. 

•'i''1  11  r  1  I.  Aiiiorailionrapli  of  iarlmii-11  in  iron  i:*inn  collodion 
coiifaiiiiiiK  "Xl  mol  percent  iodide.  Collodion  type  III,,  I -hour 
exposure.  I.OOOX. 

However,  this  photomicrograph  was  taken  wiieii  the  col¬ 
lodion  film  had  dried  down  to  a  thickness  of  about  1  micron. 
When  the  exposure  to  the  silver  nitrate  solution  was  taking 
place,  the  film  was  probably  It)  microns  thick. 

Before  leaving  figure  10,  it  should  be  noted  that  the  silver 
bromide  grain  size  is  very  small,  just  about  on  the  resolution 
limit  of  this  optical  microscope  (about  0.2  micron). 


Collodion  drying  time:  In  order  to  “set  up”  the  collodion 
film  on  the  rnetallographic  mounts,  it  is  necessary  to  air-drv 
the  film  for  about  ,'tO  seconds  Indore  immersing  in  the  silver 
nit  rati'  solution.  The  technique  usually  followed  was  to  dip 
the  mount  into  the  cold  (2°  C)  collodion  solution  foi  about 
5  seconds  nnd  then  place  the  mount  vertically  on  a  paper 
towel  for  the  20  seconds  to  allow  the  excess  solution  to  drain 
off  and  the  film  partially  to  harden  on  the  mount  (see  fig.  ();. 
If  insufficient  time  is  allowed  for  this  drying  operation,  the 
film  will  be  too  fluid  and  will  tend  to  peel  or  flow  off  when 
!  placed  in  the  silver  solution.  If  the  drying  time  is  extended 
loo  long,  the  film  will  be  too  hard  and  will  have  unsuitable 
permeability  for  the  silver  ions  and  the  developing  solution. 
Autoradiographs  which  are  prepared  with  improper  collodion 
drying  time  are  characterized  by  agglomerated  silver  gruins 
in  the  developed  image  as  seen  in  figure  17  for  a  sample  which 
had  been  diied  for  45  seconds. 

The  thinner  the  collodion  solution,  the  greater  is  the  care 
which  must  be  taken  to  form  satisfactory  films.  A  thick 
collodion  (AVV,  table  IV)  produced  a  satisfactory  film  on  a 
rnetallographic  mount  when  the  drying  time  was  between  25 
and  40  seconds.  Thirty  seconds  was  the  drying  time  most 
often  used.  The  thinner  collodions  (e.  g.,  AZ  and  BB)  are 
more  difficult  to  use.  Tests  were  conducted  using  clean 
microscope  slides  dipped  in  the  collodions,  dried  for  various 
times,  and  then  immersed  in  silver  nitrate.  These  slides 
were  light  exposed  before  development  in  order  to  be  able  to 
view  the  location  and  quality  of  the  remaining  silver 
The  results  of  these  tests  indicated  (hat  the  usuble  area, 
produced  by  proper  drying  of  the  collodion  films,  increased 
as  the  thickness  of  the  rollodion  layer  increased.  For  a 
given  collodion,  an  increase  in  drying  time  displaces  the 
usable  area  downward  (referring  to  the  drying  position;. 
It  is  concluded  from  these  tests,  ns  well  ns  from  extensive 
experience  with  the  usual  1-  or  1 '(-inch  rnetallographic 
mounts,  that  a  drying  time  of  25  to  20  seconds  is  generally 
suitable.  For  other  specimens,  such  ns  might  be  mounted 
on  a  1-  by  2-inch  microscope  slide,  a  different  drying  time 
might  be  better,  depending  on  the  position  of  the  sample  on 
the  slide. 

The  optimum  drying  time  is  doubtless  n  function  also  of 
the  collodion  solution  temperature  (usually  2°  C),  the  room 
temperature  (20°  to  25°  C),  the  amount  of  agitation  in  air 
while  drying  (kept  to  a  minimum),  nnd  the  composition  of 
the  collodion  solution.  Xo  attempt  was  made  to  change 
the  typo  of  solvent  used  in  this  solution.  It  may,  however, 
be  possible  to  prepare  still  thinner  collodion  layers  by  using 
solvents  which  evaporate  more  slowly  such  ns  the  higher 
alcohols  (propyl,  butyl,  etc.). 
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i  u>  Haro 

(l>)  Aidoradlograpli,  h  right  illuniliialioii. 

(c)  An i >  radiograph,  (Hilarfml  illnmiiiat Ion.  2.50.\. 
(d)  Aim.tdlogrnph,  imlarimi  illmiiinal ion.  I.OOOX. 


I  ha  hi;  I.'i  Mirro-lriiPturi'  and  foilorndiouruphx  of  i  .lmii-H  In  iron  lining  .'i-mlrron-thiok  collodion.  (’olloilion  lypp  HH.  10.5-linnr  ex|H>*nre 


Tlic  main  reason  for  storing  (lie  collodion  soli  ion  cold  wns 
lo  minimize  solvent  evaporation.  For  the  us  of  collodion 
at  room  temperature,  see  the  section  on  silver  nitrate  which 
follows. 

Silver  nitrate  solution. — To  form  the  radiation-sensitive 
silver  bromide,  the  sample  when  coated  with  bromide- 
eollodion  solution  is  immersed  in  u  10-pcreent  silver  nitrate 


solution.  This  solution  is  acidified  with  sulfuric  acid  to  a 
pH  of  2.5  in  order  to  produce  acceptable  radiation  response 
and  fog  control. 

Temperature  control:  Since  the  autoradiographic  exposure 
takes  place  with  (he  sample  immersed  in  this  silver  nitrate 
solution,  the  temperature  is  very  iinportnul  in  controlling 
rosponso  and  fog.  flomberg's  method  (ref.  00)  called  for 
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(a)  Bright  illumination.  25UX. 

()>)  Polarized  illumination.  250X. 

(o)  Focus  on  silver  grains.  I.OOOX. 

(d)  Focus  on  metal  surface.  I.OOOX, 

Fiot  rk  IK.  -Autoradiograph  of  carhon-M  in  iron.  Collodion  and  silver  nitrate  at  2°  V.  A  60-second  warmup  in  room-temporal  tire  silver 

nitrate  preceded  the  development.  Collodion  typo  AW.  1-hour  exposure. 


There  hud  been  Home  indications  during  tin*  course  of  this 
investigation  that  the  silver  nitrate  solutions  produced 
better  results  after  they  had  been  used  once  or  twice. 
Reasoning  (hat  the  effect  might  be  due  to  bromide  transfer 
from  the  collodion  layer  to  the  silver  nitrate  solution, 
several  experiments  were  performed  in  which  varying 
amounts  of  potassium  bromide  were  added  to  a  fresh  silver 


solution.  No  improvement  in  response  as  a  result  of  these 
additions  was  observed  and  bromide  nddition  is  not  recom¬ 
mended. 

Exposure  time. — Figure  22  shows  three  different  exposure 
times  over  the  same  carbide  field.  The  number  of  developed 
silver  grains  associated  with  the  large  central  carbide  is 
plotted  versus  exposure  time  in  figure  2.'t.  The  figure 
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(a)  Itriglil  illumination. 
(ID  l’olnriml  illumiimlion. 


Kii. <  kk  111.  Autoradiograph  of  carl kui- H  in  iron.  Collodion  and 
silver  nitrate  at  2°  C.  No  warmup  l**fore development.  Collodion 
type  AW.  I -hour  exposure.  250.\. 

readily  indicates  till*  nonlinearity  of  the  process.  This 
effect  has  heett  thoroughly  discussed  from  a  theoretical 
approach  by  Gomberg  (refs.  <50  and  69).  These  data  tend 
to  substantiate  the  hypothesis  that  the  radiation  response 
of  these  silver  bromide  crystals  is  in  part,  at  least,  a  "multi- 
hit  "  process  (more  than  one  beta  interaction  needed  to 
activate  the  crystal  for  development).  A  straight-line  plot 
in  figure  26  would  be  expected  if  a  one-hit  process  only  were 


occurring,  that  is,  if  it  took  only  a  single  bclu  interaction 
on  a  given  halide  grain  to  render  i(  developable.  A  mnlliliit 
process  would  account  for  the  general  shape  of  this  curve. 
By  theory,  the  true  multihit  process  would  result  in  a  slope 
of  aero  near  the  origin.  Since  this  does  not  seem  to  be  what 
is  observed,  it  must  be  concluded  that  the  response  is  in 
part  a  one-hit  process. 

It  is  noted  that  the  efficiency  of  the  radiation-sensitive 
layer  appears  to  increase  with  longer  exposures  (the  curve 
is  concave  upward).  This  is  due  to  the  two-hit  stage  taking 
effect  after  the  initial  exposure,  which  must  be  due  to  the 
single  interactions. 

The  earlier  work  reported  by  Gombcrg  (refs,  (it)  and  (it)) 
indicated  that  for  moderate  exposures  the  overall  response 
of  the  wet-collodion  process  was  somewhere  between  a 
one-hit  and  three-hit  phenomenon. 

Another  interesting  feature  of  this  last  serif's  of  auto¬ 
radiographs  (fig.  22)  is  the  dependence  of  silver  grain  size 
on  silver  grain  population.  In  the  :{2-minutc  exposure 
then*  are  only  a  few  grains  and  these  tend  to  be  huge;  most 
of  the  grains  an*  8  microns  in  diameter.  As  the  exposure 
increased  to  96  minutes,  more  grains  became  developable 
and  the  average  grain  size  diminished  to  2  microns.  Finally, 
with  the  longest  exposun*.  286  minutes,  the  grain  population 
was  very  high  and  the  size  was  still  smaller,  now  about 
1  micron. 

These  samples  were  all  developed  in  4  percent  ferrous 
sulfate  for  20  seconds  at  20° 

The  carburized  iron  and  steel  samples  used  in  this  investi¬ 
gation  hail  total  specific  activities  of  near  0.6  ntc./g.  These 
samples  produced  satisfactory  wet-process  autoradiographs 
with  exposures  of  I  to  10  hours.  However,  tin*  exposure 
time  will  vary  greatly  ns  the  distribution  of  the  activity 
changes  in  (he  alloy.  A  uniform  distribution  of  0.1  mc/g 
may  not  produce  a  suitable  image  in  a  1-hour  exposure, 
but,  if  the  same  total  activity'  in  the  sample  is  concentrated 
in  the  grain  boundaries  or  in  segregated  microconstituents, 
a  satisfactory  image  would  be  obtained  with  the  1-hour 
exposure. 

The  recommended  procedure  for  at.  unknown  sample  would 
la?  to  prepare  a  contact  autoradiograph  on  a  lantern  slide 
or  metallographic  plate.  If  a  visible  image  is  produced  bv 
an  exposure  of  an  hour  or  two,  the  sample  will  probably 
give  a  suitable  wet-process  autoradiograph  with  an  exposun* 
of  a  few  hours. 

The  practical  limit  on  exposure  time  for  wet-process 
autoradiography  is  imposed  by  the  "protective”  layer. 
A  thin  (1-micron)  VYNS  layer  used  for  highest  resolution 
studies  will  not  protect  ordinary  steel  samples  for  longer 
than  a  day.  Improved  protective  mediums  will  be  necessary 
before  the  exposures  can  be  extended. 
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(c)  <d)  L-848S4 

(at  Hriiilii  illiiiiiiiiatinii.  2.r>0.\.  (I>)  Polarized  illumination.  25UX. 

it"  l  im  i-ilvrr  Brains.  1.000X,  (d)  Korns  «.n  metal  *iirfaoo.  I.OOOX. 

i  ki:  211.  Autoradiograph  of  carlton-l  t  in  iron.  Collodion  and  silver  nitrate  joIiii ions  al  riMim  tem|H'rature.  Collodion  type  AW.  l-lionr 

rximsiin1. 

Developer.  Physical  development  of  the  exposed  silv  er  The  reducing  nel ion  proceeds  sbnvly  and,  if  properly  eon- 
halide  is  used  in  the  wet-collodion  process.  This  type  of  trolled,  the  silver  in  the  latent  image  nets  as  nueleation 
development  requires  the  presenee  of  free  silver  ions  as  well  centers  for  the  deposition  of  silver  by  the  above  read  ion. 
as  a  reducing  agent.  When  the  metallurgical  mount  is  j  The  reduced  silver  thus  forms  readily  visible  crystals  »(  the 
transferred  from  the  silver  nitrate  solution  to  the  developing  |  positions  in  the  emulsion  which  were  activated  by  the  radia- 
solution,  a  layer  of  silver  nitrate  solution  adheres  to  the  tion.  ITnfortunately,  as  in  all  photographic  processes,  a 
sample.  Placing  the  mount  gently  in  the  developer  permits  certain  number  of  silver  grains  are  produced  in  the  film  where 
the  silver  ions  to  remain  near  the  collodion  layer.  Ferrous  no  radiation  Inis  acted.  These  silver  grains  constitute  (he. 
sulfate  arts  as  the  reducing  agent  according  to  the  following  background  fog.  As  seen  in  the  section  on  silver  nitrate, 
equation:  the  temperature  and  composition  of  the  solutions  have  pro. 

Fe>+-fAg+  Fc*++-f -Ag  found  influence  on  the  fog  level. 


\  fry* 
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(a)  32-mlnutc  exposure. 

(b)  95-minute  exposure. 

(c)  285-minute  exposure. 

Figure  22. — Autoradiographs  of  same  ccmei.iite  crystal  itt  different 
exposure  times.  Collodion  type  AW .  1,000X 


(n)  Collodion  and  silver  nitrate  at  2°  C.  No  warmup  before  develop¬ 
ment. 

(l>)  Collodion  and  silver  nitrate  at  2°  C.  Warm  1  minute  at  room 
temperature  before  development. 

(c)  Collodion  and  silver  nitrate  at  room  temperature. 

Figure  21. — Fog  level  produced  during  1-hour  autoradiographic 
exposure  to  show  temperature  effects.  Polarised  illumination. 
Collodion  type.  AW.  1-hour  exposure.  250X. 
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Exposure,  min 


Calculated  numfcw  of  beta  particles  emitted  from  crystal  turfoce 
Fioube  23. — Wet-autoradiography  sensitivity  curve. 

It  has  been  found  that  the  simplest  and  one  of  the  most 
satisfactory  developers  is  an  aqueous  4-percent  solution  of 
FeSO,-7HjO.  In  arriving  at  this  conclusion,  many  modifi¬ 
cations  of  this  formula  were  tried.  The  results  of  a  few  are 
illustrated  in  figure  24.  Developer  composition  is  listed  in 
table  V.  The  exposure  for  these  five  autoradiographs  was 
140  minutes,  and  the  developers  were  used  at  room  tempera¬ 
ture  for  20  seconds.  The  developer  used  in  figure  24  (c)  is 
that  suggested  by  Gomberg  (ref.  69),  while  that  used  in 
figure  24  (d)  was  recommended  many  years  ago  by  Eder 
(ref.  70). 

It  was  presumed  that  the  addition  of  alcohol  to  the 
developing  solution  aided  in  the  penetration  into  the  col¬ 
lodion  film.  However,  there  seems  to  be  no  readily  observ¬ 
able  difference  between  the  autoradiographs  prepared  with 
alcoholic  developer  (fig.  24  (b))  and  with  nonalcoholic 
developer  (fig.  24  (a)). 

The  main  effect  of  the  acetic  acid  addition  is  to  complex 
the  ferric  ion  produced  in  the  developing  reaction.  By  thus 
reducing  the  ferric  ion  concentration,  it  should  be  possible 
to  develop  to  a  greater  extent  than  in  the  absence  of  the 
acetic  acid.  The  formation  of  larger  developed  silver  grains 
also  would  be  expected  when  using  a  developer  containing 
the  acetic  acid. 

Figure  24  (c)  reveals  that  while  larger  grains  are  formed 
(up  to  4  microns  in  diameter)  in  the  presence  of  acetic  acid 
there  also  remain  a  large  number  of  small  silver  grains. 


The  result  is  a  very  much  mixed  silver  grain  size.  This 
same  effect  is  seen  in  Eder’s  developer  (fig.  24  (d)).  The 
addition  of  copper  sulfate  in  the  latter  had  no  noticeable 
influence  on  the  reactions. 

Carrying  the  reasoning  one  step  further,  ferric  ions  were 
deliberately  added  to  the  4-percent  ferrous  sulfate  solution. 
This  developer  should  have  a  lower  developing  potential  and 
hence,  produce  smaller  silver  grains.  Figure  24  (e)  indicates 
that,  while  the  grains  are  smaller,  they  are  also  much  fewer 
in  number,  which  is  to  say  that  an  increase  in  the  ferric  ion 
appears  to  reduce  the  sensitivity  of  the  process.  Developer 
temperature  should  affect  the  reaction  kinetics  such  that 
smaller  grains  would  be  produced  by  using  a  colder  developer. 
The  time  of  development  should  also  produce  a  similar  effect; 
that  is,  the  shorter  the  time,  the  smaller  the  grains.  Figures 
25  to  31  indicate  the  results  of  such  tests.  These  results  as 
well  as  the  developer  conditions  are  tabulated  in  table  VI. 
These  samples  were  exposed  for  4.5  hours  and  were  developed 
in  4  percent  ferrous  Bulfate. 

As  expected,  the  grain  size  increased  with  increasing 
development  temperature  and  time.  Thus,  one  can,  if  so 
desired,  produce  smaller  grains  by  using  a  cold  developer  for 
a  short  time.  However,  experience  indicated  that  a  good 
general  purpose  developer  is  4  percent  ferrous  sulfate  used 
at  room  temperature  (22°  C)  for  20  seconds. 

Figure  31  records  the  background  level  produced  by  these 
varying  temperature  and  time  conditions.  While  some 
differences  in  grain  count  and  grain  size  are  indicated,  they 
should  not  be  considered  as  significant.  The  important 
point  is  that  in  all  cases  the  fog  level  is  satisfactorily  low,  less 
than  1,000  grains/mm*. 

Figure  32  shows  the  result  of  excessive  development  time. 
Two  similar  mounts  were  given  1-hour  exposures  at  12° 
C  and  developed  at  room  temperature  for  15  seconds  (fig. 
32  (a))  and  for  60  seconds  (fig.  32  (b)).  The  background  fog 
level  in  figure  32  (b)  is  about  five  times  that  in  figure  32  (a). 
It  is,  therefore,  undesirable  to  develop  for  as  long  as  60 
seconds  at  room  temperature  since  the  fog  increases  to  an 
undesirable  level. 

Following  development  the  sample  is  fixed  in  hypo  (e.  g., 
Kodak  formula  F-5)  for  45  to  60  seconds.  A  final  wash  in 
distilled  water  for  10  to  20  seconds  serves  to  remove  all 
soluble  salts.  The  specimen  may  be  washed  between  the 
developer  and  the  fix,  but  under  no  circumstances  should  it 
be  washed  between  the  silver  nitrate  solution  and  the 
developer. 

CHEMICAL  ARTIFACTS 

In  the  wet  autoradiography  of  metal  samples  it  will  gen¬ 
erally  be  necessary  to  protect  the  metal  surface  from  the 
chemical  action  of  the  photographic  solutions.  In  the  ab¬ 
sence  of  such  a  protective  layer  most  metals,  when  immersed 
in  the  silver  nitrate  solution,  will  become  coated  with  silver 
by  electrochemical  action.  A  second  deleterious  effect 
which  can  occur  in  the  absence  of  the  protective  layer  is  the 
action  of  the  dilute  sulfuric  acid  on  the  metals. 
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(a)  4  percent  ferrous  sulfate. 

(I>)  I  percent  ferrous  sulfate,  ,1  |>erceut  clliyl  atcoliol. 

(c)  I  percent  ferrous  sulfate,  3  percent  ethyl  alcohol,  (I  (lerrml  acetie  aeiil. 

(dt  3  iHTcent  ferrous  sulfate,  3  percent  ethyl  alcohol,  (l  |>erccnl  acetic  add,  l.li  percent  cop|ier  sulfate. 

(e)  I  percent  ferrous  sulfate,  I  percent  ferric  sulfate. 

Kiol'rk  21. — Autoradiographs  of  carl>on-M  In  iron  to  show  effects  of  different  devclo|H'rs.  Collodion  type  AW,  2.3-limir  exposure.  t.OOOX 
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(a)  Focus  on  silver  grains. 


(b)  Focus  on  metal  surface. 


Florins  25. — Autoradiograph  developed  In  4  percent  ferrous  sulfate  for 


10  seconds  at  room  temperature.  Collodion  type  AX.  4. 6-hour  ex 
posuro.  1.000X.  ' 


As  previously  discussed,  these  two  reasons  would  be  suffi 


cient  to  require  the  presence  of  some  sort  of  separating  layer 
to  prevent  the  chemicals  in  the  silver  nitrate  solution  from 
corroding  the  surface  of  the  metal  specimen.  Actually, 
there  is  a  third  even  more  insidious  effect  which  can  occur 
when  no  protective  layer  is  used,  or  if  the  protective  layer 
fails.  In  the  absence  of  any  readily  visiblo  chemical  action, 
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....  r  (a)  Focus  on  silver  grains. 

(b)  Focus  on  metal  surface. 

Fionas  26.— Autoradiograph  developed  In  4  percent  ferrous  sulfate 
for  20  seconds  at  room  temperature.  Collodion  type  AX.  4.. 5-hour 
exposure.  1,000X. 

such  as  formation  of  large  silver  crystals  or  the  presence  of 
corrosion  spots,  it  is  still  possible  to  have  a  chemical  action 
take  place,  the  result  of  which  is  to  render  more  of  the  silver 
halide  crystals  developable  (refs.  20,  68,  82,  and  85).  This 
chemical  action  would  produce  a  type  of  background 
fog  which,  if  it  were  uniform  and  not  too  heavy,  mMit  be 
tolerated.  Unfortunately,  this  type  of  chemical  action  may 
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Fiovrb  28. — AuToradionraph  developed  in  4  percent  ferrous  sulfate 
for  10  seconds  «t.  5°  C.  Collodion  type  AX.  4.5-hour  exposure. 
1.000X. 


(a)  Focus  on  silver  (trnins. 

(I>)  Focus  on  metal  surface. 

Fioi  rk  27.-- Autoradiograph  developed  in  I  percent  ferrous  sulfate 
for  30  seconds  at  room  temperature.  Collodion  type  AX.  1.5-ltour 
exposure.  I.OOIIX. 

result  in  a  pal  tern  of  developed  silver  {'ruins  which  may  re¬ 
semble  I  he  appearance  of  the  microstrueture  of  ( lie  metal  being 
studied.  It  is,  in  fuct,  possible  to  take  a  chcmigrapb  utilizing 
this  chemical  action  to  activate  a  photographic  emulsion. 

If  corrosion  occurs  at  nil,  it  will  usually  start  at  the  metal- 
Bakclite  interface.  If  this  intorfaco  is  not  very  smooth,  the 
plastie  will  be  stretched  and  thinned  and,  hence,  more  readily 
penetrated  by  t  he  corroding  solution. 


Figures  33  to  35  illustrate  several  examples  of  corrosion 
which  occurred  on  the  iron  samples.  Figure  33  (a)  shows  the 
typical  edge  effect.  Apparently  the  Vinylite  failed  at  the 
metal-Bakelife  interface,  allowing  the  silver  nitrate  solution 
to  seep  through  and  creep  along  the  steel  surface.  Figure 
33  (b)  is  the  same  field  photographed  with  polarized  light. 

Figure  34  (a)  shows  several  localized  regions  of  corrosion 
away  from  the  edge  of  the  metal.  Figure  34  (b)  is  the  same 
field  under  polarized  light. 

Figure  35  (a)  shows  two  types  of  abnormalities  in  the 
developed  photographic  image.  The  upper  dark  region 
appenm  similar  to  the  corrosion  spots  in  figures  33  and  34. 
The  lower  region  shows  an  efTeet,  sometimes  observed,  in 
which  silver  grains  streak  awny  from  a  given  point.  This 
source  might  be  a  corrosion  location  or  more  probably  is 
dirt  or  an  impurity  (nucleation  center)  on  or  in  the  collodion 
film.  The  mount  is  normally  processed  with  the  polished 
surface  in  a  vertical  plane.  The  silver  grains  produced  by 
this  hit  *  or  efTeet  streak  upward  from  the  nucleating  center. 
The  direction  of  the  streak  might  be  accounted  for  by  as¬ 
suming  that  when  the  mount  was  dipped  into  the  developing 
solution  the  silver  nucleating  impurity  was  sprend  upward 
on  the  mount  ns  it  was  lowered  into  the  developer. 

It  is  undesirable  (but  not  prohibitive)  to  have  the  radio¬ 
active  area  of  greatest  interest  at  the  mctal-Bakclilc  inter- 


la)  Torus  on  silvrr  Krauts. 

(In  Torus  on  fiirlnl  surface. 

Too  hi;  2ti.  An(or.*nlio^n»|)h  devrlopfil  in  I  percent  frrrous  sulfate 
for  20  srrotnl>  at  ."T  (*.  Collodion  type  AX.  1. 5-hour  exposure. 
I.000N. 

fare.  In  I  he  first  place,  wIiimi  it  occurs  nt  all,  corrosion 
usually  begins  nt  (lint  interface  as  shown  in  figure  Hit.  In 
I  ho  sooonil  place,  radioactivity  nt  the  edge  of  a  (loop  inotnl 
sample  will  scatter  through  the  Bnkelitc  to  a  greater  extent 
than  through  the  metal.  Since  the  density  of  steel  is  about 
live  times  that  of  Bnkelitc,  the  beta  particles  will  have  a 
ranee  in  Bnkelitc  about  five  times  that  in  steel.  This  effect 
is  seen  in  figure  Itti.  The  result  of  a  Mi-hour  exposure  is  seen 


(n)  Finals  on  silver  (groins. 

(Ii)  Focus  on  met  nl  surface. 

Fuji  kk  HO.  —  Autonidionriipli  developed  in  I  percent  ferrous  sulfate 
for  HO  seconds  at  8°  C.  Collodion  type  AX.  I. e-hour  exposure. 

t.ooox. 

in  figures  Itti  (a)  and  Itti  (e).  The  radioactive  nickel  plate  was 
overconted  with  It  to  4  microns  of  inactive  silver  to  absorb 
the  sitle  radiation  for  the  sample  in  figure  Itti  (a).  This  same 
field  after  a  1  -hour  autoradiographic  exposure  is  shown  i 
figure  30  (b).  The  sample  shown  in  figure  Itti  (e)  was  prepare 
without  the  silver  plate  over  the  niekel-tilt.  Radiation  fror 
;  beneath  the  surface  is  seen  to  scatter  through  the  Bakclit 
more  than  through  the  metal. 
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wllli  plii'lir  A'  |>IVV  ini|sl\  dismissed.  llii-rr  I-  il  t i-M« li-l i«'_\ 
I'm  i In'  -ilvi-r  — iirf««*i'  In  iiuelenli*  silver  "ruin  IoitiihI ion  In 
tin-  1 1 1  •  \  i'Ii  >|»iii<*vil  im'I  imi. 

i  (IMP \lllsn\  111-  W  KT-l  ol.I.olHON  Al’TOKAItlnCKAPIIH  WITH  OIIII'.H 
I'llOITNNKS 

|5\  I'n r  tin-  -im|>lrsl  iiiit<iiTulionrn|iliir  t im-Ii ni< m«-  is  in  |>lwv 
tin'  ITnlinnrl  i\ r  -illllplc  mi  il  I'nmilliTT'iiii  |iltnln^ni|iliii-  rliltll- 
-.11  III .  A  mill'  \  llfii'l  \  nf  iTitlllsinii  speeds  is  imiiliilili'  fl'nin 
tin-  fust  X-rili  iTitlllsinii'  In  I  In-  slow  |nnrrss  iTiiillsinn.  I  In- 
"iirlniriy.ed  i ri ill  s|irrili|iTis  |H'o<IikttI  ii  ittisoiiiiIiIi-  film  Idiiek- 


(b)  L- 8 4870 

i;n  < 'iirrn-inti  .-mil  I'liemiriil  nui'li'tilinii  in  :niiiir:nliiii:r:i|»liii-  »Timl'im< 
nil  mill  rnl  >;tl»tpl*’ 
ili)  Nnriiliil  fi»U  l» nil  rnnirnl 

l-'n.i  kk  ( 'orti|Kiri«uu  nf  iinrnial  mifnrnilinurapliir  ^*'u  "«,li 

t‘nrrn>inn  anil  rlirmifal  HTWl  -  <>n  nnnrailinaH  t\  ••  •■ntil  r«*U  t  ••tlmlmii 
l  \  [ m •  lilt.  (t.iVImur  f\|in**MI«'  J.VI\ 

cniiin  nii  Nii-Sit'itti  X-niv  Mini  nfler  n  .'1-1111111111'  rvpnsim' 
Hcsnlui inn  whs  ver\  |MHir  siiifc  this  emulsinii  I*  iliiek  11ml 
i  niu  sr  ^ri'tii Ill'll. 

|*'i«rnr«*  :(!(  (111  is  11  |iliiHiiini(T'o<riTi|>li  nf  11  in  1  m*i  iiiiinrniltn- 
■rrupli  exposed  fm  I  linin'  1111  n  rniilmsl  liililein  slide  Tin1 
■  IM'I 111  St IIM'I lire  ( smile  lii'lill  is  shown  ill  li;rillr  ;«M  1 1 > t  Till' 
lesnlill  inn  indiril li'il  li\  fifrill'e  :!'.(  is  .'(II  In  III  IIIMT «*ll- 

Stripping  film  autoradiographs.  In  Ihvrmlier  I'.inl  1  In* 
Knstmnil  Kniluk  (’nmpnilV  illllinilliri'il  I  hr  lllllllllfni't  III  I'  nf 
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an  emulsion  wliirli  they  designated  “Kodak  Autoradio¬ 
graphic  Permeable  Base  Stripping  Film  (rixporimonlal)." 
This  film  is  recommended  by  Kodak  for  autoradiography 
using  alpha  or  bc>ta  particles.  The  product  is  a  thin  (*>* 
micron)  fine-grained  emulsion  which  can  be  applied  direct Iv 
to  the  specimen  (an  intermediate  protective  layer  such  as  is 
used  with  the  wet  process  is  also  necessary).  The  resolution 
achieved  with  this  film  is  between  5  and  It)  microns  which 
makes  it  comparable  with  the  wet-collodion  process  from 
this  point  of  view. 


tn)  Autoradiograph. 

!l>)  Hare  metal,  pirral  etch. 

Mlcrostnirture  and  autoradiograph  (contact  on  lantern 
slide)  of  carlioii-14  in  iron.  IIIOX. 


(a)  Hare  nietal,  plcral'et ell. 

(In  Autoradiograph.  Polarised  Illumination. 

(«•)  Autoradiograph.  Hright  illumination. 

US.-- Pina omicrograph  and  autoradiograph  of  carbon- 1 4  in 
Sample  coaled  with  evaporated  silver  layer  under  autoradio- 
f'ollodion  type  AW.  I.lt-hnur  exposure.  25X. 


Pm  cm; 

| 


la:  Hill'll!  illumination.  2.10X. 

(It)  Pvi!  .rizfl  illuiniiiutinu.  2.VIX. 

Bri;  In  ill'iniinnlinii.  I.IHMIX, 
ill  Polarized  illumination,  I.OIIDX. 

I  ii>i  in  12  Aiiiiira>li>iuia|>li  I.  wet  |>rm-  if  -nnm  lii'lil  shown  in  liuures  10  :tn>  I  II.  .illodinn  t\  I"  HI).  ...'i-lwm  <  •  \ ;  k  ■  -  ■ :  i<  ■ . 

Fi;riiro  In  shows  three  dilfciviit  i.nienilirnnons  of  tin  unto-  I  tin*  film  pholo<rrnpe:cuIly  vvli  h  is<l<*\  -l< ![><•< I  ii  Kodak  I) 

i;itli< >urr:ij*li  iiiki-n  with  iln*  Kodnl  Strippi  •  Film  exposed  washed  in  water  or  stop  hut  fixed,  i  nd  wash,  I  ti^rtiin. 

for  Iioiirs.  Tin*  micros!  met  tire  ;  obsrtir  by  this  drnsi*  Tin*  (nil  streak  i  away  oin  the  UtrfS**  car  iilc  in  li: 

;iiilnr;:dioniapli  Tin*  l»arc  etelicd  metal  i  lln*  same  lii*ld  40  (r)  is  anolln>r  p  olo<rrap!  <•  anoni;  Iv  of  unknown  on 
i-  -limni  in  liirtll'c  I).  Tile  siinii*  field  autorndioe  aplied  w  lit  tile  wet  prime- 

It  i-  evideul  that  eorrosiim  is  :  prnblci  veil  with  I  his  shown  in  fiffnre  4'i  This  i  postire  \  -  hours  and 

Mini  which  i~  exposed  ilry.  In  on  ,r  lo  up,  lln*  si  ripping  developer  was  4  |  rcent  Fe  ous  still  -*  lor  'JO  second 

Iitiu  ii  i-  necessary  lo  wel  tin*  innniit  surfin  affix  the  film. 

and  l  lien  draw  olF  I  he  w  ater  with  li  'ter  papei  «r  ol  hiT  means.  ( 'a  refill  colli  (lari'  n  of  lijit  cs  40  a  in  J  indicates 

Tl.c  exposure  lakes  place  in  this  dried  (or  d  in<r>  condition.  resolution  of  these  .wo  metl  ds  is  up  iximttleh  r 
Il  is  ueeessiirv  to  Wel  the  luolllll  ajfaili  ii  "del1  lo  process  I’crlnips  the  mo  llllforll  ale  chill  eristic  cm 
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in  l\<  M  In  I.  Si  ri;i|.ina  I'ilin 

in  iln'  iim-  nl  tiir  stripping  ' i Iiei  wits  tin-  irnilrnrv  ii  |)iirkrr. 
Iiilekle.  nr  ili-|ilni-i'  relative  lii  tin-  lilrlill.  Kviilr  <if  thi- 
is  si'i'ii  in  liiruiv  4:5. 

Figure  4.4  :il  shows  (Inn  tin-  film  Ims  displaced  -ilinusi  *_M> 
microns  after  I  lie  exposure  look  jiIju-i-.  K«'l  ii-iiln ;  .»n  in  the 
gelatin  film  ii s  \\c||  ns  ii  'J.’i  iiiiiTini  ilis|iliii'i'ini‘iil  i  shown  in 
figure  4:;  lii).  The  mil lim-  of  the  radioactive  cni'hie  •  is  faintly 
visible  in  llu-  right  nf  the  muss  of  silver  grains  in  l!  ci'iiicr  nf 
I  In-  figure. 


(in  2.- 
i In  ‘>: 

It.  Two  ri-uion-  of  anti  ilioi>r:i|ili 
Sii'i|i|iini>  I'ilin  'liiiwini!  m  i  mill  pom 


si  wiili 

tOII'l'. 


Figure  44  (n  I  shows  n  single  li  I  eontnin  I  lie  nilliir  n- 

grapli  in  registry  with  I  he  si  rue  re  al  the  el'  I'ijxl  1 1  a  ii 

•V  in  lO-miernn  displacement  (;  id,  fur  si  ■  oilier  fen  n. 

Inner  response)  in  the  upper  led  The  lov  .  :  response  e  III 

lie  illle  In  the  film  mil  lining  ill  ''III  -.,*  eiilitiiet  nil  1 1  I  he  spec  'll 
during  I  he  exposure. 

Figure  44  (Ii)  is  another  aulnritdiogrnph  Inkell  with  ,\  n- 
I'ndiogruphie  Stripping  Film.  Tin*  lower  right  half  of  it* 
figure  is  a  good  iiiitorm  ngriiph.  .renllv  the  film  ilii  il 
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adhere  to  the  sample  in  the  region  shown  at  the  upper  left. 
There  is  no  autoradiograph  here,  and  there  is  some  evidence 
for  the  onset  of  corrosion  on  the  metal. 

Comparison  of  two  high-resolution  autoradiographic  tech¬ 
niques. — Eastman  Kodak  Autoradiographic  Permeable  Base 
Stripping  Film  (Experimental)  is  representative  of  the  best 
commercial  autoradiographic  emulsions.  A  comparison  of 
this  product  with  the  wet-process  autoradiographic  film  is 
presented  in  table  VII.  Since  both  materials  are  about  5 
microns  in  thickness  and  required  the  presence  of  a  separating 
layer  between  the  sensitive  layer  and  the  metal  specimen,  it 
is  fair  to  say  that  one  should  expect  about  the  same  resolution 
from  either  film. 

The  advantages  of  the  wet-collodion  technique  are  as 
follows:  j 

(1)  Excellent  registry  with  the  metal  structure.  N'o  auto¬ 
radiographs  have  been  found  to  be  displaced  laterally  from 
the  known  sources  of  radioactivity. 

(2)  Low  fog  level.  The  fog  grain  count  is  lower  by  a  factor 
of  10  to  100  as  compared  witli  that  of  the  stripping  film. 
For  example,  the  background  obtained  on  a  stripping  film 
might  be  in  the  range  104  to  103  silver  grains/mm2,  while  a 
count  of  10*  grains/mm2  on  wet  background  can  be  expected. 

(:l)  Variable  silver  grain  size.  It  is  perhaps  normal  to 
think  that  the  smaller  the  developed  silver  grain,  the  better 
the  emulsion  or  technique.  In  reality,  there  is  no  advantage 
in  having  the  silver  grain  any  smaller  than  a  micron  in  diam¬ 
eter  so  long  as  the  resolution  of  the  detecting  system  is  several 
microns.  Actually  there  are  advantages  to  the  larger  grain 
size.  The  large  grains  are  much  easier  to  see  and  photograph 
under  the  optical  microscope.  Since  these  grains  are  easier 
to  see,  should  any  quantitative  work  be  done,  the  grains  are 
more  readily  counted.  Also,  regions  of  low  specific  activity 
might  be  easier  to  locate  by  producing  large  5-micron  grains 
by  the  addition  of  acetic  acid  to  the  developer. 

The  advantages  of  stripping  film  are: 

(1 )  Higher  sensitivity.  This  is  an  advantage  when  working 
with  low  specific  activity  material. 

(2)  Longer  exposures  permitted  because  exposure  can  be 
carried  out  using  a  dry  detecting  film. 

(3)  Greater  convenience  in  application.  Most  technicians 
will  probably  favor  the  commerical  product  as  being  more 
convenient  even  though  the  time  actually  spent  in  manipu¬ 
lating  the  wet  collodion  is  less  than  that  for  stripping  film. 

OTHER  METALLURGICAL  SYSTEMS  INVESTIGATED  BY  WET-PROCESS 
AUTORADIOGRAPHY 

The  work  with  radioactive  tungsten  and  copper,  which  will 
be  briefly  reported,  was  performed  very  early  (1949  and  1950) 
before  many  of  the  improvements  reported  were  known. 
The  objective  was  to  obtain  samples  suitable  for  exploring 
the  possibilities  of  the  wet-process  autoradiographic  tech¬ 
nique. 

Tungsten- 185. — A  small  amount  of  work  was  done  with 
radioactive  tungsten  in  alloy  N-155  as  a  system  where  the 
active  material  would  be  distributed  at  random  in  solid  solu¬ 
tion  after  a  solution  treatment  but  would  segregate  in  varying 
amounts  as  precipitation  took  place.  This  assumed  that  the 


(a)  As-cast. 

(b)  Solution-treated  at  2,200°  F  for  1  hour,  water-quenched,  heated 
at  1,400°  F  for  1,000  hours,  and  air-cooled. 

Figure  45. — Mierost ructure  of  low-carbon  N-155  alloy,  containing 
tuinrsten-185,  after  two  heat  treatments.  I.000N. 

tungsten  would  segregate  in  the  precipitating  phases,  although 
this  was  not  certain.  The  alloy  was  investigated  autoradio- 
graphically  as  cast  and  also  after  sevci thermal  treatments. 
The  typical  structures  of  N-155  are  shown  in  figure  45. 

Figure  46  shows  results  typical  of  all  of  the  N  155  studies. 
The  bare  etched  metal  is  shown  in  figure  46  (a)  anti  the 
autoradiograph  of  the  same  field,  in  figure  46  (b).  The  large 
diamonds  are  fiducial  points  impressed  with  a  microhardness 
tester.  The  silver  grains  in  the  autoradiograph  do  not  corre¬ 
late  with  the  microstructure.  All  of  the  N  155  autoradio¬ 
graphs  were  prepared  with  a  thick  collodion  similar  to  type 
AW  (table  IV)  and  developed  in  the  developer  containing 
copper  sulfate  (table  V). 
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la '  Harr  etched  metal. 

(In  Atitorurlioaraph. 

Fi*a  rk  -Fit.  Mierostrurture  and  autoradiograph  of  X-155  alloy 
containing  I  miction- 1 85.  Specimen  was  solnt inn-1 rented  at  2,201 1 
I'  for  1  hour.  water-tptenrhcd.  heated  at  1,100'  F  for  2t  hours,  ami 
air-roolt’il.  Collodion  type  AW.  lO.a-ltour  exposure.  lOOX. 

No  autoradiographic  evidence  was  obtained  to  indicate 
tungsten  segregation  in  any  of  the  beat  treatments  of  alloy 
N  loo.  It  tnay  be  that  the  t ungsten  was  somewliat  segre¬ 
gated  into  tile  finely  dispersed  minor  phases,  but  the  auto¬ 
radiography  at  that  time  was  not  good  enough  to  detect  it. 
The  factors  which  militated  against,  better  results  were  the 
tungsten  radiation  itself  (rather  penetrating  betas,  introduc¬ 
ing  subsurface  interference),  the  use  of  a  d-mirron  polystyrene 
protective  layer  and  a  l()-inicron  collodion  layer  (reducing 
the  resolution),  and  finally  the  dispersion  of  the  phases  being 
studied  (possibly  smaller  than  the  resolving  power  of  the 
method). 


(a)  Focus  on  silver  urain*. 
(hi  Focus  on  metal  surface. 


F i r» i ■  r k  47. — Autoradiograph  of  as-cast  .Vporccnt-copper—W.Vpfrceni- 
antitnony  alloy  containing  coppcr-tU.  (‘ollodion  type  ANN  .  1-hour 
exposure. 

in  a  system  of  this  type  it  is  expected  tlial  the  tungsten 
would  be  distributed  both  in  the  matrix  and  in  the  excess 
constituents.  It  may  well  be  that  there  was  insullicienl 
i  concentration  gradient  to  be  detected  nutoradiogrnphieaHy. 
Copper-64. — The  binary  system  antimony-copper  was 
investigated  aiitoradiographically  because  copper  was  a  con¬ 
venient  source  of  radioactivity  being  readily  obtained  from 
1  the  University  of  Michigan  cyclotron  group.  The  alloys  pre- 
1  pa  red  contained  about  ">  weight  percent  copper. 

Figure  47  is  an  autoradiograph  on  t he  as-east  antimony- 
copper  alloy.  The  gray  phase  in  the  metal  is  a  compound 
of  approximate  composition  CuSb,  while  the  white-appearing 
phase  is  nearly  pure  antimony.  Figures 47  (a)  and  47  (hi  are 
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(a)  Focus  on  silver  grains. 

0>)  Focus  on  metal  surface. 

F i • 1 1  R K  -18.  —  Autoradiograph  of  as-cast  5-percent-copper — ■95-percent- 
antitnony  alloy  control  (no  radioactivity).  Collodion  type  AW. 
1-flour  exposure.  I.OOM.V 

tin*  snnii*  field;  figure  47  (a)  is  focused  on  the  silver  grains, 
while  figure  47  (h)  is  focused  on  the  metal  surface.  A  careful 
grain  count  indicates  a  slightly  greater  number  of  silver 
grains  over  the  C'uSh  phase  than  over  the  antimony  phase. 
However,  the  definition  is  very  poor,  probably  for  three 
reasons:  (1)  The  4-micron  plastic  separating  layer,  (2)  the 
10-mieron  collodion  layer,  and  especially  (:i)  the  copper-ti4 
radiation  which  introduces  serious  subsurface  effects  (0.65- 
mev  positrons,  0.57-mev  beta  particles,  and  1 ,3-mev  gammas; 
sec  (able  Ij. 

Figure  48  is  a  control  sample  run  in  the  same  mount  as 
shown  in  figure  47.  Note  the  much  lower  silver  grain  count. 
The  autoradiographs  of  the  copper  alloy  were  made  using 


Ficcrb  40.  —  Autoradiograph  of  nickel-silver  mixture.  Collodion 
type  AX.  2.5-lmur  exposure.  25(1  X. 


a  collodion  solution  similar  to  AW  (table  IV).  the  standard 
silver  nitrate  solution,  anti  the  ferrous  sulfate—  acid-alcohol 
developer  (table  V). 

According  to  the  phase  diagram  (ref.  71)  there  is  a  maxi¬ 
mum  of  0.2  percent  copper  in  the  antimony  matrix.  The 
poor  results  could  not  be  attributed  to  the  concentration 
gradient  but  must  have  been  a  result  of  the  penetrating  radia¬ 
tion  from  the  copper  and  the  use  of  thick  plastic  and  collodion 
layers  which  greatly  lower  the  autoradiographic  resolution. 

Nickel-silver  powder  material. — Silver  was  melted  around 
radioactive  nickel  particles  to  form  a  structure  with  a 
distinct  separation  of  radioactive  particles  and  nonradio¬ 
active  matrix.  The  gray  phase  in  figure  49  is  the  radio¬ 
active  nickel.  The  small  black  circles  are  the  silver  grains 
in  the  autoradiograph.  Only  a  few  background  silver  grains 
are  seen  over  the  nonradioactive  silver  phase.  The  devel¬ 
oped  silver  grains  definitely  outlined  the  nickel  particles. 
Since  the  nickel  radioactivity  was  contaminated  with 
:  cobalt-60  radiation,  work  on  this  type  of  sample  was  discon¬ 
tinued  in  favor  of  the  pure  beta  emitters  previously  discussed. 

RESULTS  AND  DISCUSSION 

Wet-process  autoradiography  was  successfully  adapted 
for  use  in  establishing  the  location  of  suitable  beta-emitting 
isotopes  in  the  micros! ruct lire  of  metallurgical  samples. 
Properly  carried  out.  an  autoradiograph  is  produced  in  place 
on  metallographieally  polished  and  etched  specimens  with 
the  inicrostructure  and  the  autoradiograph  visible  at  the 
same  time.  Such  autoradiographs  can  be  easily  examined 
at  magnifications  as  high  as  1,000  diameters.  Autoradio¬ 
graphs  prepared  by  the  wet  process  can  also  bo  viewed 
satisfactorily  under  low  magnification  (e.  g.,  2oXl.  I'ndcr 
favorable  conditions  tin*  presence  or  absence  of  radioactive 
elements  in  the  segregated  constituents  of  the  micros!  met  tire 
can  be  detected  when  the  distance  of  separation  of  the 
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particles  is  less  than  10  microns.  Under  proper  conditions 
of  intensity  of  radioactivity  in  the  tracer  element,  composi¬ 
tion  of  the  segregated  constituent,  and  exposure  time,  the 
process  will  work  for  segregated  particles  as  small  as  1 
micron  in  diameter.  Grain-boundary  segregations  can  be 
studied  autoradiographically  provided  that  (1)  sufficient 
activity  can  be  gotten  into  the  grain-boundary  constituents, 

(2)  the  grains  are  larger  than  10  microns  in  diameter,  and 

(3)  the  concentration  gradients  are  sufficiently  large. 

Wet-process  autoradiography  as  developed  for  this  report 

should  be,  therefore,  a  useful  metallurgical  research  method. 

It  will,  however,  be  necessary  properly  to  consider  the 
limitations  of  the  method,  which,  as  discussed  later,  lie 
mainly  in  the  characteristics  of  radioactive  isotopes  and 
their  distribution  in  alloys. 

The  major  advantages  of  wet-process  autoradiography 
include: 

(1)  High  resolution  for  beta-emitting  isotopes.  There 
arc  no  beta  autoradiographs  in  the  published  metallurgical 
literature  which  demonstrated  resolution  of  better  than  10 
microns. 

(2)  Perfect  registry  of  the  autoradiograph  over  the 
microstructure  under  conditions  convenient  for  comparison 
of  the  structure  with  the  resulting  autoradiograph  at  high  : 
magnification  under  the  microscope. 

Satisfactory  procedures  for  controlling  background 
t  T'he  fog  grain  count  is  frequently  less  than  1,000  silver 
nm!,  a  value  which  is  less  by  at  least  a  factor  of  10 
ti...  no  background  observed  in  commercial  emulsion® 

RECOMMENDED  TECHNIQUE 

The  investigation  involved  the  solution  of  a  number  of 
technique  problems.  The  best  procedure  established  during 
the  investigation  for  preparing  wet-process  autoradiographs 
is  as  follows: 

(1)  Mount  the  metallographic  specimen  (radioactive 
sample  and  a  control)  in  Bakelite  cured  at  150°  C  utider> 
5,000-psi  pressure.  It  is  desirable  to  grind  flats  into  the 
mount  to  facilitate  handling  with  tongs.  The  mounted 
sample  should  be  given  a  good  metallographic  polish,  being 
careful  to  keep  the  surface  flat  with  a  minimum  of  rounding 
at  the  edges.  All  of  the  etchant  must  be  removed  by 
thorough  washing  and  the  mount  must  be  left  clean  and 
dry. 

(2)  Apply  a  protective  Vinylite  layer  by  dipping  the 
mount  in  a  2-percent  solution  of  VYNS  in  methyl  ethyl 
ketone  for  a  few  seconds.  Allow  the  sample  to  drain  and 
dry  for  a  few  minutes  in  an  upright  position  on  a  paper  towel. 
Heat  for  30  to  60  minutes  at  a  distance  of  about  6  inches 
from  a  250-watt  heat  lamp,  cool  to  room  temperature,  and 
transfer  to  a  desiccator  to  await  autoradiography. 

(3)  In  a  darkroom  with  dull  red  illumination,  immerse 
the  sample  for  a  few  seconds  in  the  cold  collodion  solution 
(2°  (’)•  Place  the  mount  upright  on  an  absorbent  paper 
towel  for  30  seconds  to  drain  the  excess  collodion  solution 
and  to  set  the  collodion  film  on  the  mount. 


(4)  Immerse  the  mount  immediately  into  the  cold  silver 
nitrate  solution  (2°  (’).  The  container  for  this  solution  may 
conveniently  (but  not  necessarily)  be  a  bottle  painted  black 
or  made  of  dark  glass  in  order  to  minimize  the  danger  of 
light  exposure  during  the  autoradiographic  exposure.  The 
silver  nitrate  solution  with  the  exposing  specimen  is  kept  in 
the  dark  and  cold  (around  2°  (')  by  using  a  cold  water  bath 
or  other  tefrigeration.  Several  mounts  may  be  exposed  in 
the  same  solution  since  the  range  of  beta  particles  in  water 
seldom  exceeds  several  millimeters. 

(5)  After  a  suitable  exposure  (generally  several  hours), 
the  sample  is  placed  carefully  in  a  developer  at  room  tem¬ 
perature  (around  20°  (')  for  20  seconds.  This  developer 
is  conveniently  contained  in  a  50-milliliter  beaker  and  should 
be  prepared  fresh  for  each  sample.  Do  not  stir  or  agitaie 
during  development. 

(6)  Remove  the  sample  from  tile  developing  solution  and 
place  in  the  fixing  solution  for  40  to  60  seconds  at  room 
temperat  ure. 

(7)  Wash  by  immersing  in  distilled  water  for  10  to  20 
seconds  to  remove  soluble  salts  and.  finally,  dry  in  a  gentle 
air  stream. 

The  specimen  is  now  ready  for  microscopic  examination. 

Formulas  for  the  recommended  solutions  are  as  follows: 


I —  Vinylite: 

VYNS  Vinylite,  g _  ....  .......  2 

Methyl  ethyl  ketone,  nil  .  . .  100 

II —  Collodion: 

C.  S.  P.  collodion,  ml  8 

Absolute  ethyl  alcohol,  ml  42 

Cadmium  bromide  (CdBiy4HjO)i  K  .0.  75 

Ammonium  bromide  (XHdtr),  g  ...........  0.  15 

III —  Silver  nitrate: 

Silver  nitrate  (AgXOj),  g.  .....  _ .  . ..  25 

Distilled  water,  ml  250 

Sulfuric  acid,  to  pH  of  (about  0.31  ml  of  10  percent  by 

volume  sulfuric  acid  is  used)  . . . . .  2.  5 

IV —  Developer: 

Ferrous  sulfate  (FeS04.7H2()),  y  ... . .  4 

Distilled  water,  ml  _  —  .  .  _  ....  100 

V —  Fixinf?  solution: 

Koduk  formula  F-5 


Before  leaving  the  discussion  of  the  solution  and  sample 
handling,  a  few  words  of  caution  arc  in  order.  The  need 
for  cleanliness  cannot  be  emphasized  too  strongly.  Every 
effort  should  be  made  to  keep  dirt  or  other  contaminations 
from  the  metallographic  mount  and  from  the  processing 
solutions.  Except  for  the  U.  S.  P.  collodion  (not  the  flexible 
type),  chemically  pure  or  analytical  grade  chemicals  are 
recommended.  Finally,  care  must  be  exercised  not  to  drop 
the  metal  samples  face  down  in  the  processing  solutions  or 
otherwise  to  disturb  the  emulsion  mechanically.  The  thin 
collodion  film  is  easily  disturbed  and  the  photographic 
process  easily  upset  by  such  Ireatment. 

LIMITATIONS  OF  AUTORADIOGRAPHY 

One  restriction  imposed  by  autoradiography  which  is 
common  to  all  tracer  studies  is  the  need  for  a  certain  amount 
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of  specialized  equipment  and  trained  personnel  for  the  proper 
handling  of  radioactive  substances.  However,  many  labora¬ 
tories  are  being  equipped  and  staffed  to  handle  such  materials 
and  this  should  not  be  considered  as  a  serious  restriction  on 
the  process.  (See  refs.  8, 10,  IS,  16,  86,  and  87  for  suggestions 
on  laboratory  equipment  for  experiments  utilizing  radio¬ 
isotopes). 

Autoradiography  itself  lias  several  inherent  limitations 
which  will  now  be  discussed: 

(1)  Autoradiography  will  probably  never  provide  the 
answer  to  all  segregation  problems.  There  are  many  radio¬ 
isotopes  available  for  tracer  studies,  but  some  elements 
(titanium  and  nitrogen,  to  mention  two)  do  not  have  radio¬ 
isotopes  suitable  for  such  studies.  These  elements  (titanium 
and  nitrogen)  are  available  only  as  very  short  lived  materi¬ 
als,  the  half  lives  being  less  than  a  few  minutes. 

02)  Other  elements  are  unsuited  for  highest  resolution 
work  because  of  the  quality  of  their  radiation.  .Phos¬ 
phorus-32,  for  example,  has  a  very  penetrating  beta  particle, 
while  cobalt-60  has  penetrating  gamma  rays  emitted  with 
its  beta  particles.  Phosphorus-32  and  cobalt-60  can  be  used 
in  autoradiographic  studies;  however,  the  resolution  obtained 
will,  in  general,  be  somewhat  inferior.  In  the  autoradiog¬ 
raphy  of  bulk  metal  samples  the  highly  penetrating  radia¬ 
tions  create  a  serious  problem.  A  radioactive  particle, 
located  beneath  the  surface  of  the  metal  and  therefore 
invisible  microscopically,  will  be  able  to  activate  the  photo¬ 
graphic  emulsion  in  its  vicinity.  Only  by  repeating  the 
autoradiograph  can  the  investigator  determine  whether 
such  a  photographic  image  is  in  reality  due  to  radiation  from 
a  subsurface  source  or  merely  a  chance  accumulation  of 
fog  grains.  The  apparent  size  of  a  segregate  particle  may 
also  be  distorted  by  similar  subsurface  radiation  effects. 

(3)  Many  segregation  problems  will  be  made  more  difficult 
by  the  existence  of  shallow  concentration  gradients.  No 
attempt  has  been  made  to  evaluate  the  requirements  for 
concentration  gradients;  but,  in  general,  it  can  be  said 
that  the  sharper  the  gradient,  the  better  is  the  chance  of 
observing  segregation  autoradiographically. 

(4)  The  present  state  of  the  art  requires  that  the  segregate 
particles  be  several  microns  apart  and  have  activities  of  several 
disintegrations  per  hour  for  favorable  autoradiographic 
inspection. 

(5)  The  present  techniques  require  the  use  of  a  protective 
plastic  layer  about  1  micron  in  thickness.  If  the  thickness 
of  the  layer  could  be  reduced  materially  and  the  radiation- 
sensitive  layer  also  thinned  down  to  perhaps  1  or  2  microns, 
still  higher  resolution  than  that  described  in  this  report  might 
be  expected. 

The  discussion  of  limitations  applies  to  autoradiography 
in  general.  One  limitation  peculiar  to  the  wet  process  is 
the  restriction  on  length  of  exposure.  The  thin  Vinylite 
layer  protects  active  metal  specimens  for  only  about  1  day. 


Repeated  dipping  into  the  2-percent  VYNS  solution  (with 
intermediate  heating)  will  build  up  the  Vinylite  layer  and 
permit  longer  exposures  but  only  at  the  expense  of  high 
resolution. 

INTERPRETATION  OF  AUTORADIOCRAPH8 

Generally,  the  autoradiographic  image  is  easily  correlated 
with  some  structural  characteristics  in  the  metal.  Under 
these  conditions,  interpretation  presents  no  great  problem. 
As  previously  indicated,  however,  it  is  possible  for  chemical 
or  physical  action  to  induce  a  photographic  effect.  The 
chemical  effects  might  be  caused  by  interaction  between  the 
photographic  chemicals  and  the  sample  itself.  Chemigraphs 
which  very  closely  resemble  autoradiographs  in  appearance 
have  been  prepared  on  non  radioactive  samples. 

Mather  (refs.  88,  89,  and  90)  made  use  of  physical  action 
to  produce  photographic  effects.  He  was  able  to  prepare 
photographic  reproductions  of  metal  surfaces  by  applying 
mechanical  pressure  to  photographic  emulsions.  Caution 
must  be  used  in  interpreting  any  autoradiograph  prepared 
in  a  manner  which  might  have  introduced  mechanical  effects. 
The  use  of  a  nonradioactive  control  sample  greatly  minimizes 
misinterpretation  of  autoradiographs. 

An  interesting  ease  of  misinterpretation  of  autoradio¬ 
graphic  results  took  place  in  1942  when  Shoupp  (ref.  91) 
prepared  autoradiographs  bv  (lamping  a  sample  of  gussy 
steel,  containing  radioactive  phosphorus,  against  a  photo¬ 
graphic  emulsion.  Increased  photographic  action  alwajs 
occurred  over  the  cavities  in  the  steel,  so  that  Shoupp 
reported  that  phosphorus  had  concentrated  at  or  near  the 
surfaces  of  the  cavities  or  blowholes.  That  the  phosphorus 
was  not  concentrated  near  the  cavities  was  demonstrated 
by  Nelson  (ref.  92)  by  preparing  a  cast  iron  containing 
radioactive  phosphorus.  Holes  were  drilled  into  the  metal 
(which  also  contained  natural  blowholes).  The  autoradio¬ 
graph  revealed  that  the  deeper  the  blowhole,  whether  arti¬ 
ficial  or  natural,  the  greater  the  apparent  concentration  of 
radiophosphorus  indicated  by  the  film.  This  was  obviously 
a  case  of  the  holes  having  a  much  lower  absorption  coefficient 
for  the  radiation  than  the  bulk  metal. 

A  similar  difference  of  absorption  was  demonstrated  in 
this  investigation.  Radioactivity  located  at  the  metal- 
Bakeiite  interface  in  the  metallographic  mount  was  less 
absorbed  by  the  Bakelite  than  by  the  metal  and  showed 
greater  scatter  out  over  the  plastic  mount. 

It  is  to  be  expected  that  such  an  effect  will  be  found  in 
the  investigation  of  any  sample  which  contains  two  phases 
which  differ  widely  in  density,  for  example,  enamel  coatirgs 
on  metals  or  low-density  constituents  (such  as  graphite) 
in  iron  or  steel. 

Engineering  Research  Institi-te, 

University  of  Michigan, 

Ann  Arbor,  Mich..  June  1 ,  1953. 


APPENDIX  A 

PURIFICATION  OF  NICKEL.eS  SOLUTION 


Item  Ni-63-P  listed  for  sale  by  the  AEC  is  a  purified  nickel 
chloride  solution  of  radiochemical  purity  (nickel-63)  greater 
than  95  percent.  The  particular  batch  received  contained 
1.6  percent  of  the  radiation  as  cobalt-60  betas  and  gammas. 

The  method  using  thiocyanate  ethyl  ether  and  amyl  al¬ 
cohol  described  by  Meinke  (ref.  93)  was  used  to  remove  the 
cobalt  from  the  nickel  solution. 

The  solution  received  from  Oak  Ridge  was: 

NiCl3  in  0.88  normal  hydrochloric  acid 
20.5  mg  nickel/ml  solution 

The  purification  procedure  was  as  follows: 

Place  3  milliliters  of  the  radioactive  nickel-cobalt  solution 
in  a  50-milliliter  beaker. 

Evaporate  dry  over  a  low-temperature  hot  plate  in  a  hood. 

Add  15  milliliters  of  water  and  evaporate  dry  again. 

Add  10  milliliters  of  water;  heat  to  get  salts  into  solution. 

Transfer  solution  to  a  50-milliliter  separatory  tube. 

Add  5  grams  of  ammonium  thiocyanate  (NH4CNS);  stir 
to  dissolve. 

Add  1  to  2  milligrams  of  cobalt  carrier  as  cobalt  chloride 
solution. 

Add  15  milliliters  of  1 :1  mixture  of  amyl  alcohol  and  ethyl 
ether. 

Stir  for  10  minutes;  allow  to  settle  for  10  minutes. 

Draw  off  lower  aqueous  layer  into  second  separatory  tube. 

Add  10  milligrams  of  CoCU-OHjO  in  solution  to  the 
aqueous  solution. 


Add  15  milliliters  of  1:1  amyl  alcohol  and  ethyl  ether. 

Stir  and  settle  as  above. 

Draw  off  lower  aqueous  layer;  heat  gently  to  remove  vola¬ 
tile  organic  compounds. 

Transfer  aqueous  solution  to  a  50-milliliter  centrifuge  tube. 

Add  sodium-hydroxide  solution. 

Heat  to  remove  ammonia  (color  changes  from  deep  blue  to 
pale  blue)  and  precipitate  nickel  hydroxide. 

Spin  in  centrifuge. 

Decant  supernatent  liquid. 

Add  dilute  NaOH  solution  to  the  Ni(OH)2  precipitate  and 
centrifuge  again. 

Decant  supernatent  liquid. 

Add  3  milliliters  of  water,  0.05  milliliter  of  H2SO4,  and  0.1 
milliliter  of  HC1  to  the  Ni(OH)j  (should  have  about  60  milli¬ 
grams  of  nickel  here). 

Heat  to  get  into  solution. 

Transfer  to  a  5-milliliter  beaker. 

Evaporate  to  about  2  milliliters  and  add  80  milligrams  of 
boric  acid. 

Control  the  pH  of  this  solution  (at  about  3)  by  addition  of 
dilute  ammonium  hydroxide  or  hydrochloric  acid. 

This  procedure  produces  a  plating  bath  somewhat  similar 
to  the  standard  Watts  bath.  The  pH  control  and  measure¬ 
ment  are  very  difficult  since  the  whole  solution  occupied  only 
2  or  3  milliliters.  Test  papers  were  used  for  this  pH  measure¬ 
ment. 


APPENDIX  B 

CARBON-14  SPECIFIC  RADIOACTIVITYJmEASUREMENTS 


To  determine  the  efficiency  of  the  carburizing  reactions, 
that  is,  the  extent  to  which  radioactive  carbon  was  trans¬ 
ferred  from  the  barium  carbonate  to  the  metal  stock,  it  was 
necessary  to  assay  the  carburized  pieces  for  their  activity. 
This  specific  activity  measurement  was  performed  in  the 
Phoenix  Memorial  Laboratory  at  the  University  of  Michigan. 

The  only  measurements  required  were  of  the  carburized 
samples  (mounted  in  Bakelite)  with  and  without  a  series  of 
aluminum  absorbers.  All  of  the  radioactive  metal  pieces 
were  of  greater  than  infinite  thickness  as  far  as  the  carbon-14 
radiation  was  concerned  (>30  microns  thick). 

METHOD 

The  Bakelite  mounts  were  clamped  to  the  underside  of  an 
aluminum  shelf  in  a  plastic  counting  rack  (fig.  50).  The 
radioactive  sample  was  centered  under  the  central  hole  in 
this  shelf  and  also  centered  under  the  counting-tube  window. 
To  calculate  an  absorption  coefficient  for  this  radiation, 
a  series  of  aluminum  absorbers  was  placed  between  the 
activity  source  and  the  counter  window. 

46 


Figube  50. — Radioactivity  counting  rack. 
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It  would  perhaps  have  been  preferable  if  iron  absorbers 
could  have  been  used  since  it  was  iron  which  was  responsible 
for  the  major  part  of  the  self-absorption  of  the  sample. 
Thin  iron  absorbers  were  unavailable;  therefore,  the  usual 
aluminum  sheets  were  used.  The  mass  absorption  coefficient 
H  is  reasonably  insensitive  to  changes  in  atomic  number. 
Thus,  it  is  quite  safe  to  assume  that  the  error  introduced  into 
the  calculation  of  the  absorption  coefficient  is  smaller  than 
the  other  errors  in  the  method  (e.  g.,  the  assumption  of 
homogeneous  carburization) . 

Table  VIII  gives  the  results  of  a  series  of  measurements 
made  with  mount  110  and  a  series  of  aluminum  absorbers. 
The  air  distance  was  4.17  centimeters  corresponding  to  4.8 
mg/'em2  absorber.  Window  thickness  was  1.9  mg/cm2  or  a 
total  of  6.7  mg/cm2  without  added  aluminum.  No  coinci¬ 
dence  correction  was  required  at  this  counting  rate. 

Figure  51  is  a  plot  of  the  data  from  table  VIII.  The 
extrapolation  to  zero  absorber,  when  corrected  for  counting 
geometry,  gives  the  surface  activity  of  the  sample.  The 
extrapolated  value,  before  geometry  correction,  is  9,120 
counts/min  at  zero  absorber.  From  these  data  the  mass 
absorption  coefficient  can  be  calculated  by  the  following 
equation: 

£=«-»'  (1) 


which  expresses  the  exponential  type  of  absorption  which  is 
observed  for  the  greater  part  of  the  beta  absorption  curve, 
where 

J,  incident  radiation  intensity 

J,  radiation  intensity  after  passing  through  an  absorber 
of  thickness  t,  mg/cm2 
H  mass  absorption  coefficient,  cm2/mg 
Equation  (1)  can  also  be  written: 

log  (2) 


To  find  n,  one  may  substitute  any  of  the  radiation  counts  in 
table  VIII  for  I,  (using  the  appropriate  t),  and  I,  is  the 
extrapolated  value  of  9,120  counts/min.  For  example: 


.  1,257  .  9,120 

0g<  9,120  log*  1,257' 


=6.7  il 


it= 0.295  cnr/mg 


The  standard  geometry  factor  G  is  calculated  as  follows: 


where  h  is  specimen-to-tube  window  distance,  1.64  incnes, 
and  r  is  Geiger  counter  tube  window  radius,  0.505  inch. 
Thus  G =0.0221 5.  The  fact  that  the  radiation  is  not  from 
a  point  source  on  the  counter  tube  axis  introduces  a  small 
error  (ref.  94). 

The  specific  activity  can  now  be  calculated  by  the  follow¬ 
ing  equations  (ref.  95): 


S=n2I,/A 


2/(  =  Measured  counts/minXAbsorption  factor/ 671 
where 

S  specific  activity,  disintegration/min/mg 

it  mass  absorption  coefficient,  cm2/mg 

/,  surface  activity  from  infinitely  thick  layer,  counts/min 

G  geometry  factor 

A  source  area,  cm2 

B  backscatter  correction  factor 

and  the  factor  2  converts  the  surface  activity  measurement 
to  360°  geometry. 

The  value  (1.2)  for  the  backscatter  coefficient  B  is  obtained 
by  interpolating  data  given  by  Calvin  and  coworkers  (ref. 
96)  for  carbon-14  backscatter  by  aluminum  and  platinum. 

The  absorption  factor  is  the  ratio  between  the  extrapolated 
value  of  9,120  counts/min  and  the  value  1,257  counts/min 
measured  through  air  and  window  absorbers,  that  is, 
9,120/1,257=7.26. 

The  calculation  for  mount  110  follows: 

2/,= 1,257 qCq22  1 5^X  l"^ 7  26=3,43  X 104  d'3'"* egrations/min 
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0.295  cm2/mgX3.43X  10*  disintegrations/min 
°  0.10  cm2 

=  1.01  X  104  disintegrations/min-mg 

but  1  millicuric  is  2.222X  10*  disintegrations/min;  therefore, 
the  specific  activity  of  mount  1 10  is: 

1  0 1  V  1  o6 

x  !q»— 0-455  X  10-3  me /mg  or  0.455  mc/g 

Similar  calculations  for  the  other  samples  are  given  in 
table  IX.  Each  of  the  radioactivity  measurement  values  of 
column  two  is  an  average  of  two  counter  readings. 

Mount  106  is  a  surface  of  one  of  the  carburized  electrolytic 
iron  disks.  Mount  110  is  a  cross  section  of  the  other  car¬ 
burized  electrolytic  iron  piece.  The  data  in  table  IX  as 
well  as  the  photomicrographs  of  these  specimens  indicate 
homogeneous  carburization  of  the  electrolytic  iron  samples. 

Mount  108  is  a  face  of  the  carburized  steel  disk.  Follow¬ 
ing  these  activity  measurements,  the  metal  piece  in  mount 
108  was  cut  in  half  in  order  to  examine  a  cross-sectional 
area,  mount  197,  as  well  as  the  reverse  face,  mount  196. 
The  activity  data  show  that  this  piece  was  not  homogeneously 
carburized  since  the  cross-section  area  indicated  a  lower 
activity  than  either  of  the  two  faces. 

As  a  first  assumption,  however,  all  pieces  of  carburizing 
stock  picked  up  about  the  same  amount  of  radioactivity. 
The  pieces  were  carburized  to  the  extent  of  approximately 
0.46  mc/g  sample. 

CARBURIZING  EFFICIENCY  CALCULATIONS 

Lineal  analysis  (ref.  97)  of  the  carburized  iron  samples 
indicated  an  approximate  0.40  percent  carbon.  Such  an 
analysis  was  not  possible  with  the  carburized  steel  since  its 


structure  did  not  lend  itself  to  such  analysis  (pearlitie  rather 
than  spheroidized  structure).  Note  that  the  activities 
measured  on  the  faces  of  the  carburized  steel  (mounts  108 
and  196)  were  higher  than  that  measured  on  the  cross 
section  (mount  197).  As  a  first  assumption,  however,  one 
can  conclude  that  approximately  the  same  percentages  of 
radioactive  carbon  were  added  to  the  steel  and  iron  samples. 

Thus,  0.40  percent  carbon  was  added  to  3.618  grams  of 
charge,  or  0.01447  gram  of  carbon  was  added.  This  includes 
carbon  from  the  charcoal  as  well  as  the  barium  carbonate. 
The  specific  activity  measurements  give  a  due  as  to  the 
source  partition. 

The  radioactivity  measurements  on  the  steel  samples  will 
be  eliminated  from  these  calculations  since  they  indicate 
that  the  sample  was  not  homogeneously  carburized. 

The  specific  activity  of  the  carburized  iron  mounts  106 
and  110  averaged  to  be  0.461  me  g.  The  carbon  content 
of  these  pieces  was  0.40  percent.  Thus,  1  gram  of  sample 
contained  4  milligrams  of  carbon  and  0.461  millicuric  actitivy. 
The  activity  of  the  carbon  in  those  pieces  was  0.401  4 
j  or  0.115  me/mg.  Compare  this  figure  with  the  specific 
activity  of  the  original  Ba(’()3  which  was  0.00912  me  mg 
(Oak  Ridge  analysis)  based  on  BaCOj,  or  0.15  me  mg  based 
on  carbon. 

It  is  now  evident  that  0.1 15/0.1 5  or  77  percent  of  the  carbon 
in  the  carburized  iron  samples  originated  in  the  barium 
carbonate.  There  is  no  reason  to  believe  that  the  same 
calculation  would  not  be  valid  for  the  carburized  steel 
specimen.  It  is  believed  that  this  value  is  in  error  by  less 
than  10  or  20  percent.  The  validity  of  the  above  result 
(77  percent  carbon  from  the  barium  carbonate)  is  based  on 
the  Oak  Ridge  analysis  of  the  specific  activity  of  the  barium 
carbonate. 


APPENDIX  C 

MEASUREMENT  OF  THIN  PLASTIC  FILM  THICKNESS  USING  BETA-RAY  ABSORPTION 


The  beta  thickness  gage  principle  was  used  to  determine 
the  thickness  of  the  Vinylite  plastic  layer.  Since  the  film 
was  very  thin  (approximately  1  micron)  and  of  low  density 
(approximately  unity),  the  beta  source  was  restricted  to 
low-energy  emitters. 

Equation  (1)  of  appendix  B  gives  the  formula  for  beta 
absorption  and  it  is  noted  that  when  the  thickness  t.  is  small 
(low-thickness  and  low-density  material)  it  is  highly  desirable 
to  have  as  large  a  mass  absorption  coefficient  p  as  possible 
in  order  to  get  a  favorable  ratio  of  ///„. 

Xickel-63  radiation  has  a  mass  absorption  coefficient  of 
about  1.4  cm2/mg  (ref.  98).  The  nickel-6.3  is  about  five 
times  more  sensitive  than  carbon-14  which  has  a  coefficient 
of  0.3  em’/mg. 

One  of  the  nickel-plated  samples  was  counted  in  a  window¬ 
less  flow  counter  first  bare,  then  coated  as  recommended 
with  a  layer  of  VYNS  Vinylite  (2-percent  solution).  All 
radioactivity  counts  were  made  with  less  than  1 -percent 


probable  error  (>4,000  total  counts)  and  were  corrected  for 


background: 

Sample  with  no  added  absorber _  469  counts/min 

Sample  coated  with  Vinylite. _ _  417  counts/min 


417 

469 


=0.889=e-‘-4' 


<=0.0843  mg/cm2 

Since  the  density  of  Vinylite  is  1 .35  g/ml,  the  film  thickness  is: 
0.0843  mg/cm2 


1 .35  g/cm3 


=0.6  micron 


The  thickness  measurement  (1  micron)  made  with  the 
optical  microscope  checks  reasonably  well  with  this  thickness 
value  of  0.6  micron  measured  by  beta-ray  absorption. 


H IGH-RESO  LOTION  A  UTORA  D IOG  RA  PH  Y 
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TABLE  I.— RADIOACTIVE  ISOTOPE  PROPERTIES 


Radiation  energy,  mev 

Maximum 

range  of  alpha 

Isotope 

Alpha 

Beta 

Gamma 

or  beta  par¬ 
ticles  in  steel, 
microns 

Half  life 

Nickel-63 

None 

0.  06 

None 

7.  6 

85  yr 

.  157 

38.  0 

5,600  vr 

5.2  yr* 

Cobalt-60 - 

None 

.  31 

1.  17 

102.  0 

1.  33 

Tungsten-1 85  _ 

None 

.  43 

None 

170.  0 

73.  2  davs 

Copper-64 — . - 

None 

.  570- 

1.  34 

240.  0 

12.8  hr 

.  650* 

X-rays 

280.  0 

Phosphorus-  32 

None 

5.  298 

1-  712 
None 

None 

.8 

1,020.  0 

11.  5 

14.3  days 

140  days 

TABLE  II.— CARBURIZING  PACK  COMPOSITION 


Constituent 

1  Weight 
|  present,  g 

Weight 

percent 

Mol  percent 
carbon 

BaCOj _ 

..  0.2326 

93.  7 

47.  5 

Charcoal -  - 

.  0156 

6.  3 

52.  5  ! 

Total _ 

>  .2482 

100.  0 

100.  0 

1 

TABLE  III.— NICKEL-SOLUTION  PURIFICATION- 
EFFICIENCY 


[Nickel-63  radiation  (60  kev  beta)  should  have  a  range  of  6  n 
aluminum  (ref.  99)  ] 


ug/cm2  m 


Aluminum 

absorber, 

mg/cm2 

Relative  radiation  intensity,  counts/sec  | 

As  received 

Purified  j 

0 

155.0 

1  154.  0  j 

2.  6 

10.  8 

3.  4 

5.  2 

5.0 

.  1 

10.  5 

3.  0 

TABLE  IV.— COMPOSITION  OF  COLLODION  SOLUTIONS 


!  Collodion  designation 

AW 

AX 

AZ 

BB  BK  * 

BL  b 

U.  S.  P.  collodion,  mi . - . . . '  16 

Ethyl  alcohol,  ml - -  -  -  34 

CdBiy4H,0,  g _  _ _ _  _  0.  75 

NH.Br,  g _ ;  0.  15 

NH.I,  g -  -  __ 

i 

8 
42 
0.  375 
0.  075 

4 

46 

0.  1875 
0.  0375 

4  i  16 

46  |  34 

0.  75  0.  75 

0.  15  ,  0.  1214 
0.  0428 

: 

16 

34 

0.  5164 

0.435 

*  Contains  5  mol  percent  iodide  and  96  mol  percent  bromide. 
b  Contains  60  mol  percent  iodide  and  50  mol  percent  bromide . 
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TABLE  V.— DEVELOPER  COMPOSITIONS 


Composition/ 100  ml  of  solution 

Figure  _ _ _ _ _ _ _ . _ 

FeSOt  7HjO,  g  iFej(SO,);  xHiO. g  CuS0«-5H,0,  g  Acetic  arid,  ml  Alcohol,  ml 


24  (a) —  4  |  _  -  -  ,  -  '  _  **  ! 

24  (h) .  4  j  -  I  -  -  -  -  -  ;  .  ;  3 

i  24  (c) _  4  !  . . . . . .  5  j  3 

24(d) _  3  1.6  .  6  I  3 

24  (e) _  4  i  l  .  .......  I  _  _ 


TABLE  VI  —  EFFECT  ON  SILVER  GRAIN  SIZE  OF  CHANGING 
DEVELOPER  TEMPERATURE  AND  TIME 


Figure 

Time,  sec 

Temperature, 

°C 

Developed  grain 
size,  microtia 

25 

10 

22 

1.  54 

26 

20 

22 

2.  00 

27 

30 

22 

2.  53 

28 

10 

O 

1.  10 

29 

20 

5 

1.  87 

30 

30 

5 

2.  40 

TABLE  VII— COMPARISON  OF  KODAK  AUTORADIO¬ 
GRAPHIC  STRIPPING  FILM  AND  WET-COLLODION  FILM 


Property 

Stripping  film  j 

Wet  collodion 

Sensitive  laver 

.  .  ! 

o  microns  * _  ; 

3  to  5  microns 

thickness. 

Silver  halide  grain 

Approx.  0.2  micron  j 

Approx.  0.2  micron 

size. 

Developed  silver 

<0.5  micron. . 

0.5  to  5.0  microns 

grain  size. 

! 

Sensitivity .  . .  . .  .  . 

Higher  than  wet 

As  used  now:  1  to 

t 

collodion 

1 

I 

5%;  lower  than 
stripping  film; 
probably  control¬ 
lable 

Time  to  apply  film  . 

Approx.  2  min - 

Approx.  1  min 

Time  to  develop. 

>5  min _  .  . 

<5  min 

fix,  and  wash  film. 

Maximum  exposure 
time  permitted. 

: 

Unlimited  b _  . 

With  present  pro-  j 
tective  layers, 

<  1  day  over  ac¬ 
tive  metals  such 
as  iron 

Fog  level  .  .  1 

Moderate  . 

Low 

Registry  __ 

May  displace  or 
shrink  c 

Excellent 

! 

Protective  layer _ 

Required  d _ _ _ _ 

Required 

•  5  microns  according  to  manufacturer’s  literature. 

h  ('nlimited  if  protective  layer  protects,  if  film  adheres  to  specimen,  and  if  fog  due  to  cosmic 
rays,  etc.,  stays  atwn. 

r  The  stripping  Aim  does  not  always  adhere  well  to  sample  and  may  peel  off  or  displace  dur¬ 
ing  processing  after  exposure. 

<*  Little  work  has  been  done  here  to  determine  what  protective  film  characteristics  are  de¬ 
sirable  for  the  stripping  film .  A  V  YN  S  plastic  layer  of  about  1-micron  thickness  is  needed  for 
the  wet -process  autoradiography. 


TABLE  VIII. — ALUMINUM  ABSORPTION  MEASU  REMENTS 
ON  A  SAMPLE  OF  CARBON  14  IN  IRON 


Counts/min  • 

Aluminum  absorber, 
mg/cm* 

Total  absor!>er,b 
mg/cm* 

1,  257 

0 

6.  7 

730 

1.  88 

8.  58 

476 

3.  33 

10.  03 

220 

5.  90 

12.  60 

•Corrected  for  a  background  count  of  23  counts/m  in. 
b  Includes  aluminum,  air,  and  tube  window. 


TABLE  IX  —  SPECIFIC  ACTIVITIES  OF  CARBON  14  SAMPLES 


Measured 
Mount*!  activity, 

I  :  counts/ 

|  min 


106  11.820 

110  1,282 

108  10. 070 

196  !  6.  474 

197  !  4.  561 


21  u  disinte-  Area, 
grations/min  cm* 


.1 


32. 

O 

X 

X 

0.  94 

3. 

50 

.  10 

27. 

50 

.  71 

17. 

68 

.  356 

12. 

46 

.  376 

l 


Specific  activity 


|  Disintegra- 
itions/min/mg 


me/g 


1  1.013X10"  0.456 

1.  033  i  .  465 

1.  143  .  515 

1.  465  .  660 

.978  |  .  441 

I  I 


•  Mount  106  is  a  face  of  carburized  iron  piece  “c  ” 

Mount  110  is  a  cross  section  of  carburized  iron  piece  “b." 

Mount  108  is  a  face  of  carburized  steel  “a.” 

Mount  196  is  one-half  of  opposite  face  of  carburized  steel  "a”  (reverse  of  108). 
Mount  197  is  a  cross  section  of  carburized  steel  “a.” 
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